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Abstract 
Mangrove forests provide many ecosystem goods and services, and are 
important carbon (C) sinks in the tropics. Yet, land use conversions in mangroves 
still continue, especially in Southeast Asia. Carbon stocks in biomass and soil as well 
as the soil emissions of greenhouse gases (GHG) are important parameters to 
quantify, monitor and map in mangrove area, and are vital inputs for assessing the 
impact of mangrove conversion on C budget. This study was conducted in a section 
of tropical intertidal zone in Honda Bay, Philippines, with the following objectives: 
1) evaluate the biomass C stocks in mangrove forests and land uses that replaced 
mangroves, 2) examine the potential of Sentinel satellite radar and multispectral 
imagery for mapping the aboveground biomass in mangrove area, 3) investigate the 
soil C stocks and the potential of GIS-based Ordinary Kriging for mapping the C 
stocks in mangrove soil, and 4) assess the soil fluxes of greenhouse gases and the 
potential of Ordinary Kriging for mapping the soil GHG fluxes. I used intensive field 
assessments, combined with laboratory analysis, remote sensing and GIS methods, to 
achieve the above objectives.  
To address the first objective, the biomass C stocks of the study land uses 
were quantified. Their relationships with selected canopy variables were also 
evaluated. Results reveal that for mangrove forests, the mean biomass was 22.4 to 
178.1 Mg ha
-1
, which store 10 to 80 MgC ha
-1
 or 47.9 MgC ha
-1
, on average. Leaf 
Area Index significantly correlated with mangrove biomass C. In contrast, the 
biomass C stock of the land uses that replaced mangroves was, on average, 97% less 
than that in mangrove forests, ranging from zero in salt pond and cleared mangrove, 
0.04 Mg C ha
-1
 in abandoned aquaculture ponds, to 5.7 Mg C ha
-1
 in the coconut 
plantation. C losses in biomass from conversion were estimated at 46.5 Mg C ha
-1
, on 
average.  
For the second objective, the potential of Sentinel imagery for the retrieval 
and predictive mapping of aboveground biomass in mangrove area was evaluated. I 
used both Sentinel SAR and multispectral imagery. Biomass prediction models were 
developed through linear regression and Machine Learning algorithms, each from 
SAR backscatter data, multispectral bands, vegetation indices, and canopy 
biophysical variables. The results show that the model based on biophysical variable 
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Leaf Area Index (LAI) derived from Sentinel-2 was more accurate in predicting the 
overall aboveground biomass. However, the SAR-based model was more accurate in 
predicting the biomass in the usually deficient-to-low vegetation cover replacement 
land uses. These models had 0.82 to 0.83 correlation/agreement of observed and 
predicted value. Overall, Sentinel-1 SAR and Sentinel-2 multispectral imagery can 
provide satisfactory results in the retrieval and predictive mapping of aboveground 
biomass in mangrove area. 
In the third objective, the soil C stocks of the study land uses were quantified 
to estimate C losses in soil owing to conversion. I also evaluated the potential of 
GIS-based Ordinary Kriging for predictive mapping of the soil C stock distribution 
in the entire study site. On average, the soil C stock of mangrove forests was 851.9 
MgC ha
-1
 while that of their non-forest competing land uses was less than half at 
365.15 MgC ha
-1
. Aquaculture, salt pond and cleared mangrove had comparable C 
stocks (453.6, 401, 413 MgC ha
-1
, respectively) and coconut plantation had the least (42.2 
MgC ha-1). Overall, C losses in soil owing to land use conversion in mangrove ranged from 398 to 
809 MgC ha
-1
 (mean: 486.8 MgC ha
-1
) or a decline of 57% in soil C stock, on average. It was 
possible to map the site-scale spatial distribution of soil C stock and predict their values with 
85% overall certainty using Ordinary Kriging approach.  
To achieve the fourth objective, the soil fluxes of CO2, CH4 and N2O in the study 
land uses were investigated using static chamber method. I also evaluated the potential of 
GIS-based Ordinary Kriging for predictive mapping of the soil GHG fluxes in the entire 
study site. Results show that the emissions of CO2 and CH4 were higher in mangrove forests 
by 2.6 and 6.6 times, respectively, while N2O emissions were lower by 34 times compared to 
the average of non-forest land uses. CH4 and N2O emissions accounted for 0.59% and 0.04% 
of the total emissions in mangrove forest as compared to 0.23% and 3.07% for non-forest 
land uses, respectively. Site-scale soil GHG flux distribution could be mapped with 75% to 
83% accuracy using Ordinary Kriging. 
This study has shown that C losses in biomass and soil arising from mangrove 
conversion are substantial (63%; 571 MgC ha
-1
). Moreover, mangrove conversion heavily 
altered the soil-atmosphere fluxes of GHG, increasing the N2O fluxes by 34 times. The use 
of Sentinel imagery for biomass mapping, as well as the application of Ordinary Kriging for 
soil mapping of C stocks and GHG fluxes, offer good potentials for mangrove area 
monitoring. This study advances current knowledge on the C stocks and soil GHG fluxes in 
mangrove area and the C emissions owing to mangrove conversion. The mapping techniques 
presented here contribute to advancing the knowledge for mapping the biomass and soil 
attributes in mangrove ecosystem. 
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Chapter 1 
INTRODUCTION 
1.1  Background 
Mangrove forests are a type of forest vegetation that can be found along 
sheltered coastlines of tropical and subtropical countries that are regularly inundated 
with tides, extending inland along the streams where water is brackish. They are 
distributed in the coasts of at least 124 countries and areas in Asia, America, 
Oceania, and Africa (FAO 2007). The global mangrove area as of year 2000 has 
been estimated at 137,760 km
2 
(Giri et al. 2011) to 152,361 km
2
 (Spalding et al. 
2010), or less than 1.4% of the global forest area, with over 30 % found in Southeast 
Asian countries. There is a total of 73 true mangrove plant species and hybrids; 
however, only 38 of which are considered as “core species” being the dominant 
species in many localities (Spalding et al. 2010).  
Mangroves provide timber and other construction materials, fuelwood, storm 
protection, fishery products, sediment regulation and many other ecosystems services 
to coastal residents  (Alongi 2002). Over the last few years, mangroves are 
increasingly recognised as among the most carbon (C) dense tropical forests. 
Estimate of global mangrove C stock is reported as high as 20 PgC (Murdiyarso et al. 
2013). As mangroves store a very high mean global whole-ecosystem C stock of 956 
MgC ha
-1
 (Alongi 2014) with soil storing up to 98% (global mean average of 75%) 
of the total C (Donato et al. 2011; Kauffman et al. 2013; Murdiyarso et al. 2013), 
conserving and expanding mangrove forest is important for C emissions mitigation 
(Lovelock & McAllister 2013). 
However, despite the numerous goods and services provided by mangroves, 
they are being depleted at alarming rates probably because until a few decades ago, 
mangroves were considered as “marginal wasteland better used for other purposes” 
(Clough 2013)p. 2). There have been significant reductions in the area of mangrove 
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forests over the years (FAO 2007; Giri et al. 2010; Long et al. 2013). Mangroves 
have declined in global area by 30-50% in the last 50 years (Murdiyarso et al. 2013). 
During the 1980s, the rate of mangrove deforestation is 185,000 ha per year. 
Overexploitation, conversion of mangroves to aquaculture, agriculture, urban, 
tourism and industrial developments in the coastal area are considered to be among 
the drivers of global mangrove loss (Richards & Friess 2016). In the Philippines, for 
instance, a country that belongs to the top 15 most mangrove-rich countries in the 
world that make up 75% of the world’s mangrove cover (Giri et al. 2011), 
mangroves have been deforested and reduced by half (51.8 %) in just < 100 years, 
from around 450,000 hectares (Brown & Fischer 1920) in 1918 to 240,824 ha (Long 
et al. 2013) in 2010. Conversion of mangroves to aquaculture ponds (by at least 70 
%) is considered the main cause of mangrove deforestation and the main land use 
that replaced mangroves in the country. However, overexploitation and conversion to 
other non-forest land uses such as agriculture, salt ponds and settlements are also 
among the causes of mangrove cover reduction in the country (Primavera & Esteban 
2008).  
Global concerns about deforestation, forest clearing, change in land use from 
forest to non-forest, and forest degradation have been unprecedented in recent 
decades. Mostly from tropical countries, deforestation and forest degradation are 
considered significant sources of global C emissions and consequently linked to the 
issues of global warming and climate change (Kanninen et al. 2007; IPCC 2013, 
2014b). In fact, deforestation has been the second largest source of total global CO2 
emissions after fossil fuel burning and cement production, contributing 32 % of the 
total anthropogenic CO2 emission from 1750 to 2011 and about 10 % during 2002-
2011 (IPCC 2013).  
Despite the awareness on the importance of mangroves and policies that 
restrict mangrove losses, for instance the IUCN Protected Area network, Philippines’ 
Republic Act 8550 (Fisheries Code of the Philippines), RA 7161, Presidential Decree 
705 as amended (Revised Forestry Code), massive mangrove deforestation and land 
use conversion are still happening until today (Hamilton & Casey 2016; Richards & 
Friess 2016). Forest clearing could result in the loss of stored C in the biomass and 
from the oxidation of C in the soil.  In a high-carbon forest ecosystem like mangrove, 
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forest clearing releases CO2 and other greenhouse gases (GHGs) to the atmosphere 
(Lovelock et al. 2011). It is important, therefore, to monitor the mangroves and 
evaluate the associated impacts of this on-going land use change to mangrove’s C 
budget particularly the associated changes in the sequestered soil and biomass C and 
the soil-borne fluxes of GHGs. Availability of such information will contribute to 
help refining emission estimates of the carbon footprint of mangrove conversion and 
provide scientific input for decision-making as to whether  conserve them as forest 
against the alternative uses. This thesis will be valuable in the assessment, 
monitoring, and refinement of policies on C stocks and GHGs in mangrove 
ecosystem. 
1.2  Statement of the Problem  
Over the years, land use/land cover change in mangrove has been studied in 
terms of the number of hectares converted to other land uses (Giri et al. 2011, Long 
et al. 2013). However, one equally important aspect that has been overlooked in the 
past was the impact of the prevailing land use/land cover change on mangrove’s C 
budget  (Richards & Friess 2016). The C stocks in mangrove have been found to be 
high (~950 MgC ha
-1
), apparently three to five times higher than its terrestrial forest 
counterparts because the former has high C storage capacity in the soil (Donato et al. 
2011; Kauffman et al. 2011).  Concerns have been raised regarding the magnitude of 
the stored C that may be released back into the atmosphere due to the continuing land 
use/land cover change in mangrove (Pendleton et al. 2012; Murdiyarso et al. 2013; 
Alongi 2014). While these concerns are not well understood (Donato et al., 2011), 
particular interests to investigate include the quantification of changes in soil and 
biomass C stocks and the changes in soil surface GHG (CO2, CH4 and N2O) 
fluxes/emissions resulting from land use/land cover change. 
Previous studies on C budget of mangrove ecosystem were done through a 
piecemeal approach (i.e. aboveground biomass C stock, belowground biomass C 
stock, soil C stock and soil GHG emissions were not studied simultaneously), dealt 
mostly on plot-scale C stocks of different types of mangroves, and did not consider 
all of the three land sector-based GHGs such as CO2, CH4 and N2O (e.g.(Allen et al. 
2011; Donato et al. 2011; Lovelock et al. 2011; Adame et al. 2013; Kauffman et al. 
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2013; Sidik & Lovelock 2013). Evaluating the impact of mangrove land use/land 
cover change on C budget requires the investigation of C stocks from various C 
pools of the original mangrove vegetation and the land uses that replaced them. The 
evaluation also entails the quantification of possible changes in the fluxes/emissions 
of soil surface GHG such as CO2, CH4 and N2O as a result of the land use 
conversion. No study has so far integrated the measurement of changes in C stocks 
across biomass and soils, and in soil GHG emissions of mangroves side by side with 
the land uses that replaced them. The findings from such studies  are necessary to 
estimate the total C emissions due to land use/land cover change in mangrove 
(Murdiyarso et al. 2013).  
Carbon dioxide, CH4 and N2O are the three main GHGs being monitored in 
the land use sector by the International Governmental Panel on Climate Change since 
1990 (IPCC 2013). Just like other wetlands, mangrove soil can contain high density 
of C and can act as significant sources of greenhouse gases based on previous studies 
(Lovelock 2008; Poungparn et al. 2009; Chen et al. 2010; Allen et al. 2011; Chanda 
et al. 2014; Chen et al. 2014). However, the soil greenhouse gas emissions in intact 
mangroves (in comparison to deforested mangroves) remain poorly characterised. 
Quantifying and accurate reporting of GHG emissions from mangrove soil is, 
therefore, important for regional and national emissions inventories.  
Furthermore, the difference in C stocks between intact mangrove forest and 
land uses that replaced mangroves (i.e. deforested mangroves) can be used to 
estimate the C emissions owing to mangrove conversion as employed in previous 
studies (e.g. Kauffman et al. 2013; Bhomia et al. 2016; Kauffman et al. 2016). 
However, there is a need to supplement the C stock accounting with gas flux 
measurements, to quantify the emissions of gases that do not accumulate in the 
biomass and soil such as CH4 and N2O. Available estimates of C emissions from 
mangrove conversion are based on a number of assumptions (e.g.(Donato et al. 2011; 
Pendleton et al. 2012; Siikamäki et al. 2012). These include the following: a) 
assuming C losses of 50% and 75% in biomass, and 25% and 75% in soil (Donato et 
al. 2011); b) assuming 25% to 100% C losses in biomass and top 1 m of soil 
(Pendleton et al. 2012); and c) assuming C losses of 75% in biomass, and 27.25% 
and 90% in soil C (Siikamäki et al. 2012). Empirical studies, on the other hand, are 
very few and limited only to two cases: mangrove - abandoned aquaculture pond 
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(Kauffman et al. 2013; Bhomia et al. 2016; Duncan et al. 2016) and mangrove - 
pasture (Kauffman et al. 2016). Other land uses that replaced mangroves such as 
coconut palm plantation, cleared mangrove and abandoned salt pond have not been 
evaluated regarding their C stocks and soil surface gas fluxes particularly CO2, CH4, 
and N2O. Also, the implication of the degradation of mangrove forests in terms of the 
changes in C stock and soil GHG fluxes is poorly understood like in other tropical 
forests (Lasco 2002). When closed canopy mangrove is degraded into open canopy 
forest type, the magnitude of change in C density and the soil GHG fluxes are also 
not well understood.  
There could be changes in C stocks and soil surface GHG emissions resulting 
from mangrove deforestation and forest degradation. While it can be inferred that C 
stock will decline as mangrove forest is converted to non-forest land use or as intact 
mangrove is converted to open canopy forest, the magnitude of change has not been 
fully understood to date. Furthermore, there could be changes in the emissions/fluxes 
of these GHGs from the soil surface of mangrove once subjected to deforestation, 
land use conversion and forest degradation. These disturbances could cause a 
dramatic change in soil chemistry through the increases in the soil temperature and 
soil microbial activity (Pendleton et al. 2012), resulting to rapid soil surface gas 
emissions (Alongi 2014). With lack of empirical studies, it is not well understood so 
far whether or not the land use/land cover change happening in mangrove is a 
significant source of anthropogenic C emission. 
In the Philippines and other developing countries, there are high interests in 
REDD+ and other similar C payment schemes (Lasco et al. 2013). These programs 
require robust estimates and sound information on baseline ecosystems C stocks of 
mangroves, both in the aboveground and belowground C pools.  These may also 
include estimating the soil GHG emissions and the potential C emissions when the 
current forest disturbance continue (Donato et al. 2011; Kauffman et al. 2011; 
Adame et al. 2013; Murdiyarso et al. 2013; Hossain 2014). These information are 
currently not available in mangrove areas in many developing countries including the 
Philippines (Murdiyarso et al. 2013). The generated findings  will be important for 
potential C credit calculation and projection, and in estimating future C emissions 
due to mangrove deforestation and biomass degradation (Locatelli et al. 2014). 
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Using either optical or radar imagery data, previous satellite remote sensing-
based biomass retrieval and mapping studies in coastal areas have dealt mostly on 
mangrove forests alone (e.g.(Simard et al. 2006; Proisy et al. 2007; Fatoyinbo et al. 
2008; Jachowski et al. 2013; Aslan et al. 2016)  but did not cover the land uses that 
replaced mangroves. The recently launched new-generation Sentinel satellite 
missions of Copernicus program of the European Space Agency provide both 
Synthetic Aperture Radar (SAR) and multispectral imagery data. Both could be used 
for biomass estimation and mapping. However, to my knowledge, the retrieval and 
mapping of biomass of mangrove forests and their replacement land uses using 
Sentinel imagery data have not been reported in the scientific literature.  
Moreover, the site-scale spatial distribution/variability of soil C stocks and 
soil GHG emissions in mangroves have not been fully understood and 
mapped/modelled as available studies are all in plot-scale (e.g.(Donato et al. 2011; 
Kauffman et al. 2013; Chen et al. 2014; Tue et al. 2014). While GIS-based spatial 
interpolation technique such as Kriging has been used in inland terrestrial soil to 
generate site-scale soil C stocks distribution, its application in mangrove soil, 
forested or otherwise, is not well understood. Knowing these sets of information is 
important to better understand the variations of C stocks and soil GHG fluxes, and 
help refine the local, regional and global estimates.  
Finally, proximal sensor-derived canopy biophysical variables such as Leaf 
Area Index (LAI) and Canopy Gap Fraction have not been fully described in 
mangrove forests and land uses that replaced mangroves including their relationships 
with biomass C stocks. Such information can be useful for large-scale biomass 
estimation using remote sensing-derived canopy biophysical variables (e.g. (Dusseux 
et al. 2015).  
1.3  Significance of the Study 
Quantifying the magnitude of changes in the C budget (C stock and soil GHG 
emission) from mangrove conversion and forest degradation would improve our 
understanding and knowledge of the consequences of land use/land cover change and 
forest disturbance in mangrove. This information is necessary to better inform policy 
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making and resource management to address C emissions and mitigation (Pendleton 
et al. 2012; Chen et al. 2013). Evaluating the impact of mangrove forest land 
use/land cover change on C budget could give us the needed but usually absent local 
“emission factors” necessary for higher tier GHG inventory of C emissions 
(Murdiyarso et al. 2013).  
This thesis provides scientific information on the magnitude of change in C 
stocks from aboveground and belowground C pools, and soil GHG fluxes of 
mangrove forests and land uses that replaced them. The generated information can 
also be used as an empirical basis to estimate emissions from land use change and 
forest degradation in mangrove. In addition, the results of the study could be used for 
the following applications: 
 Input to updating of the IPCC 2006 emission factors. This could also give us 
information on whether the land use that replaced mangroves is a net source 
or sink of GHG.  
 Input to periodic reporting of the country’s GHG emissions to the UNFCCC 
(Lasco et al. 2013; Murdiyarso et al. 2013).  
 Basis to come up with policies and management strategies to stop the 
continuing mangrove deforestation  
 Up-to-date information for mangrove policy-making, resource management 
and coastal land use planning in the country.  
 Input in revising local, regional and global estimates of C emissions resulting 
from mangrove deforestation and forest degradation (Donato et al. 2011; 
Pendleton et al. 2012).  
Aside from quantifying the C stocks and soil GHG emissions of mangroves 
and land uses that replaced them, it is also important to determine and map their 
distributions and understand spatial variations using available GIS and remote 
sensing technologies. Generating this information  can be important for a number of 
applications including conservation planning, developing adaptation plans in the 
coastal area or as baseline for future C studies (Murdiyarso et al. 2012; Alongi 2014). 
This research is the first to evaluate and map the spatial variation in biomass of 
mangrove and replacement land uses for the entire study site using both SAR and 
multispectral imagery from the newly launched new-generation Sentinel satellite 
system. In addition, the study is the first to investigate the applicability of GIS-based 
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geostatistical technique (i.e. Ordinary Kriging) in mangrove soil to predict and map 
the variations of soil C stock and soil GHG fluxes for the entire study site.  
Finally, the approach and methodology adopted in this study can be used in 
the quantification and evaluation of bay-wide total C stocks and soil GHG emissions. 
On the other hand, the generated maps can be used for developing plans and 
programs for the coastal zones. This research work is the first comprehensive study 
in mangrove area by combining a set of methods that employ field-based and 
laboratory analyses in combination with satellite remote sensing (both radar and 
multispectral) and GIS-based techniques in the evaluation and mapping of C stocks 
in four major C pools, and soil fluxes of the three major greenhouse gases (CO2, CH4 
and N2O), as well as the investigation of the associated changes in C stocks and soil 
GHG fluxes owing to conversion of mangrove forests into other land uses. 
1.4  Aim and Objectives 
This study aims to evaluate and quantify the C stocks and soil GHG fluxes in 
mangrove forests and the non-forest land uses that replaced mangroves following 
land use change and forest degradation. Specifically, the study has the following 
objectives: 
1. to quantify and evaluate the biomass and carbon stocks from aboveground 
biomass (AGB), belowground biomass (BGB), and downed woody debris 
biomass (DWB) of mangrove forest and the non-forest land uses that replaced 
mangroves. Associated within this objective was to investigate the 
relationship of biomass stocks with proximal sensor-derived canopy 
biophysical variables such as Leaf Area Index and canopy gap fraction;  
2. to evaluate the performance of  Sentinel satellite imagery-based biomass 
models and the output predictive biomass maps for site/large-scale biomass 
retrieval and mapping of mangrove and non-forest replacement land uses. 
3. to quantify and evaluate the soil C stocks of mangrove forest and the non-
forest replacement land uses, and to examine the relationship with site 
environmental variables. Associated within this objective was to evaluate the 
performance of GIS-based Ordinary Kriging in mapping the soil C stocks in 
the study site  
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4. to quantify the soil surface gas fluxes of CO2, CH4 and N2O of mangrove 
forest and the non-forest land uses that replaced mangrove, and to determine 
the relationship with site environmental variables. Associated within this 
objective was to evaluate the potential of GIS-based Ordinary Kriging in 
mapping the soil GHG fluxes in the study site.  
1.5  Scope and Limitations of the Study 
The scope of the study included the assessment of C stocks in the 
aboveground and belowground pools of mangrove forests, as well as the non-forest 
land uses that replaced mangroves. These non-forest land uses include abandoned 
aquaculture pond, coconut plantation, abandoned salt pond and cleared mangrove 
site. This study also covered the quantification and assessment of soil GHGs fluxes 
of not only CO2 but also CH4 and N2O in all of the study land uses. In addition, this 
research included the use and evaluation of satellite-based remote sensing and GIS-
based techniques in the estimation and mapping of biomass and soil C stocks and soil 
GHG fluxes in mangroves and the land uses that replaced them, respectively.  
The C budget assessment of the study was limited to quantifying and 
evaluating the C stocks and soil surface GHG fluxes. Destructive sampling of 
mangrove biomass in the country was not allowed so that the estimation of biomass 
utilised the existing allometric equations developed for Southeast Asian mangroves 
that have similar agro-ecological characteristics with the study site, while the 
biomass’ C fraction value was taken from the literature. Due to financial limitation, 
one field campaign was undertaken to measure soil GHG fluxes. With restricted 
access across other coconut plantations, only one site was sampled for the coconut 
plantation. Finally, due to unavailability of replicate sites, the abandoned salt pond 
and cleared mangroves were surveyed with only one site each.   
1.6  Conceptual Framework 
The conceptual framework of the study is presented in Figure 1.1. 
Deforestation and forest degradation are activities that decrease the C stocks in both 
aboveground and belowground pools of forest ecosystems like mangroves. To 
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determine the impact of the forest disturbance on C budget, the C stocks in biomass 
and soils of mangroves and land uses that replaced them were determined. Together 
with the C stocks, the GHG fluxes/emissions in the soil surface were also measured 
in each of those land uses. These biomass and soil C stocks, and soil GHG fluxes 
were first estimated using field plots. Then, using field plots as validation points, the 
aboveground biomass distribution for the whole study site was estimated and mapped 
using the new-generation SAR and multispectral imagery data from the newly 
launched Sentinel satellite system. Likewise, the distribution of soil C stocks and soil 
surface GHG emissions for the whole study site were also mapped but using GIS-
based geostatistical interpolation technique. From these results, the C stocks  and the 
C losses in soil and biomass were estimated and evaluated. Likewise, the soil surface 
GHG emissions in mangrove forest and the changes in soil emissions arising from 
mangrove conversion to other land uses were also determined.  
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Figure 1.1 Conceptual framework of the study 
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1.7  Organisation of the Dissertation 
This thesis is organised into eight chapters. Chapter 1, Introduction, presents 
the background of the study, identifies the research gaps, enumerates the significance 
and the broad aim and objectives of the present work, and defines its scope and 
limitations. 
Chapter 2, Review of Literature, reviews the current knowledge sets relevant 
to the study. These include the following topics: carbon emissions due to global 
deforestation and degradation, quantification of carbon in biomass and soils in 
mangrove, quantification of soil-borne fluxes of the three important greenhouse 
gases, CO2, CH4 and N2O, in mangrove soils, use of remote sensing technology in 
the biomass retrieval and mapping in mangrove, and use of GIS-based techniques in 
the prediction and spatial mapping of soil attributes. 
Chapter 3 discusses the Research Methods adopted by the study. It describes 
the study area, the general design of the study, as well as the data capture and 
acquisition, data pre-processing and analysis.  
Chapter 4 and Chapter 5 discuss the biomass component of the study. 
Chapter 4 covers the quantification of biomass and carbon stocks of mangrove 
forest and the land uses that replaced them using plot-scale estimation. It also 
evaluates the relationships between biomass carbon stock and canopy biophysical 
variables (e.g. Leaf Area Index, Canopy Gap Fraction, Mean Leaf Angle) that could 
be used for site/large-scale biomass retrieval and mapping using remote sensing 
technologies. Chapter 5 is about the site-/large-scale biomass retrieval and mapping, 
and evaluation of the potential of the new Synthetic Aperture Radar and 
Multispectral imagery from the newly launched new-generation satellite remote 
sensing system, Sentinel-1 and Sentinel-2, of the European Space Station. 
On the other hand, Chapter 6 and Chapter 7 deal on soils. Chapter 6 
quantifies the soil C stocks in mangrove and non-forest land uses using field plot-
scale estimations and the magnitude of change. This Chapter also evaluates the 
performance of GIS-based geostatistical technique (Ordinary Kriging) to predict and 
map the soil C stocks in the entire study site. Chapter 7 evaluates the soil-borne 
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fluxes of the three greenhouse gases in mangrove and their non-forest replacement 
land uses which were estimated from the field plots. The performance of Ordinary 
Kriging to predict and spatially map the fluxes of each GHG in the entire study site is 
also presented. 
Lastly, the final chapter, Chapter 8, presents the overall conclusions, 
implications, research contributions of the study, and finally enumerates the 
recommendations for future studies. 
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Chapter 2 
LITERATURE REVIEW 
2.1  Introduction 
The previous Chapter presented the overall framework of the study, 
highlighting the need to investigate the carbon (C) stocks in biomass and soil, and the 
soil greehouse gas (GHG) fluxes of mangrove forest along with their non-forest 
replacement land uses to determine the impacts of land use change in mangrove’s C 
budget. In this second Chapter, the current literature on C stock assessment in 
biomass and soil pools, as well as the evaluation of soil GHG fluxes in mangrove and 
replacement land uses are reviewed. The specific and detailed reviews of literature 
for each technical chapter are presented in Chapters 4 to 7.  
The rest of this chapter is divided into five sections. Section 2.2 is about the 
anthropogenic emissions of GHG in general and the problem on mangrove 
conversion. Section 2.3 deals about the major Carbon pools in a mangrove forest 
ecosystem in both biomass and soil pools. Section 2.4 reviews the studies on soil 
fluxes of CO2, CH4 and N2O in mangrove forests. Section 2.5 is about the use of 
satellite remote sensing for mapping the biomass in mangroves. Section 2.6 is about 
the use of GIS-based Geostatistics in mapping the soil C in mangrove area. Section 
2.7 deals on studies on whole-ecosystem C stocks in mangrove. The chapter ends in 
Section 2.8 where a summary of the Chapter is given.     
2.2  Anthropogenic GHG emissions and mangrove conversion 
For the last 261 years (1750 to 2011), human activities have emitted a 
cumulative total of 2,040 GtCO2 to the atmosphere, of which about 50 % have only 
been emitted in the last 40 years (IPCC 2014b). Deforestation/land use change, 
mainly from terrestrial sources, is the second highest source of anthropogenic 
emission next to fossil fuel burning and cement production (Figure 2.1). Since 1970, 
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cumulative emissions from deforestation/land use change have increased by about 40 
%. Deforestation contributed an average annual emission of 3.3 GtCO2 per year 
during the period 2002-2011 (IPCC 2014). It has been hypothesised that the 
increased anthropogenic emission to the atmosphere is considered as the “extremely 
likely” cause of the recent warming of the ocean and the atmosphere, and climate 
variability (IPCC 2014).  
 
 
Figure 2.1 Historical yearly global anthropogenic carbon dioxide emissions from 
fossil fuel and cement production, and deforestation 
Source: IPCC (2014a) 
 
As of 2000, the world’s mangrove forests were estimated at 137,760 km2, of 
which about 75% are located in just 15 countries
 
(Table 3.1,(Giri et al. 2011). 
However, mangroves around the world have been deforested at an unprecedented 
rate. There has been about 50 % decline in mangrove area over the last 50 years 
(Alongi 2012). Since 1980, a total of 3.6 M ha of mangroves has been deforested 
(FAO 2007). The conversion of mangrove forests to other land uses still continue in 
many parts of the world. In Southeast Asia, more than 100,000 ha of mangrove 
forests were deforested and converted during 2000–2012 to other non-forest land 
uses especially aquaculture (Richards & Friess 2016). Among the major causes of 
area decline include conversion to aquaculture ponds, salt ponds, agricultural 
plantation, timber extraction, coastal development, settlements, and urban expansion 
(Primavera 2000; Alongi 2002; Giri et al. 2011; Long et al. 2013; Richards & Friess 
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2016). Intact mangroves and other coastal wetlands sequester and store a large 
amount of carbon in their soil and biomass (Howard et al. 2017). The disturbance of 
mangrove forest through deforestation and drainage (Figure 2.2) will release a 
significant amount of C back to the atmosphere (Alongi 2012; Pendleton et al. 2012; 
Siikamäki et al. 2012).  
 
Table 2.1 Top 15 mangrove forest-rich countries in the world 
 
       Source: Giri et al. (2011) 
Current global estimates of C emissions from mangrove deforestation/ 
disturbance vary from 0.07-0.44 Pg CO2 y
-1
 (Donato et al. 2011) to 0.09 – 0.45 Pg 
CO2 y
-1
 (Pendleton et al. 2012). Although these estimates are based on assumptions 
and field plot-scale estimates, and crude (cf. Alongi 2014), these figures nonetheless 
indicate that greater effort must be exerted to conserve the stored C and prevent their 
release from disturbance. This also points out the need for empirical studies on C 
stocks and soil GHG fluxes of mangrove forest side by side with their replacement 
land uses. This is to better understand the magnitude of C emissions in mangroves as 
a consequence of land use change, and reduce the uncertainty of emissions estimate.  
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Figure 2.2 Carbon cycle in coastal wetlands, a) Intact mangrove forest and other 
coastal wetlands and b) Deforested and drained coastal wetlands 
Source: Howard et al. (2017) 
2.3  Carbon pools and storage in mangrove forest ecosystem 
Carbon pools are reservoirs of carbon such as vegetation, soil, atmosphere 
and water that absorb and emit carbon (Howard et al. 2014). C pools in a mangrove 
forest ecosystem can be divided into soil and biomass pools, similar to most 
terrestrial forest ecosystems. However, unlike in upland forests where the greater 
proportion of total C stocks is in biomass (Brown 1997; Lasco 2002; Maraseni 2007; 
Ziegler et al. 2012), bulk of C storage in mangrove is in organic C rich soil/sediment, 
making up 75%, on the average, (Donato et al. 2011; Alongi 2014). High carbon 
storage in mangrove soil is due to sediment accumulation for over centuries from 
both autochthonous (C produced and deposited within the mangrove site) and 
allochthonous (C produced from adjacent ecosystem and deposited in the mangrove) 
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C sources. The slow decomposition of deposited organic matter in the sediment due 
to water-logged, anaerobic condition of the soil, also allows the continuous build-up 
of C over time (Kauffman & Donato 2012; Howard et al. 2014).  
The biomass pools can be further subdivided into aboveground biomass 
(AGB) and belowground biomass (BGB), and the downed woody debris biomass 
(DWB; Figure 2.3). Leaf litter and understorey vegetation (e.g. seedlings, 
herbaceous) are negligible components in mangroves and are usually not included in 
the C stock quantification (Kauffman & Donato 2012; Howard et al. 2014; Phang et 
al. 2015). All trees in mangrove forest, which dominate the AGB (Kauffman & 
Donato 2012), are included in the C stock assessment since they are easy to measure, 
heavily affected by land use change and form a significant proportion of up to 21 % 
the total C stock (Howard et al. 2014).  
The BGB is also an important C pool in mangrove and generally within 33 % 
to 50 % of aboveground biomass (Komiyama et al. 2008; Jachowski et al. 2013). The 
DWB is also an important component of biomass in mangroves and performs various 
ecological functions (e.g. habitat of mangrove invertebrates). It comprised about 2.5 
% to 5 % of the total C stock (Howard et al. 2014). Furthermore, the soil in 
mangroves comprised the largest proportion of the total C stock, comprising 49 % to 
98 % (Donato et al. 2011) and about 75 % on the average, of the total stock (Alongi 
2014). 
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Figure 2.3. Biomass and soil Carbon pools in mangrove ecosystem 
Source: Howard et al. (2014) 
2.3.1  Biomass Carbon accounting in mangrove forest ecosystem 
Carbon stock is the total amount of organic carbon stored in a blue carbon 
ecosystem of a known size. It is the sum of one or more C pools (Howard et al. 
2014). On average, biomass store 25 % of total C stock in mangrove whilst the 
remaining 75 % is stored in soil (Alongi 2014). Studies that simultaneously measured 
the AGB, BGB and DWB and their C storage in mangrove forest have been growing 
since 2011 (e.g.(Donato et al. 2011; Kauffman et al. 2011; Adame et al. 2013; 
Kauffman et al. 2013; Sitoe et al. 2014; Tue et al. 2014; Murdiyarso et al. 2015; 
Stringer et al. 2015; Kauffman et al. 2016). Biomass and C stock densities have been 
quantified in undisturbed (Donato et al. 2011; Kauffman et al. 2011; Murdiyarso et 
al. 2015), and managed (Adame et al. 2013; Thompson et al. 2014; Tue et al. 2014; 
Adame et al. 2015; Vien et al. 2016) mangrove forests.  Almost all of these studies 
have utilised published allometric equations (Table 2.2) to determine the biomass of 
tree individuals based easily measured variables such as diameter and height. The C 
fraction that is used to convert biomass density to biomass C stock density is usually 
48 % for AGB, 39 % for BGB and 50 % for DWB based on Kauffman and Donato 
(2012).   
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High total biomass C stock reported in the literature on undisturbed mangrove 
forest was 453.8 MgC ha
-1
 in Kosrae, Micronesia (Donato et al. 2011), 340.6 MgC 
ha
-1
 in Mozambique (Stringer et al. 2015), 382 MgC ha
-1
 in West Papua, Indonesia 
(Murdiyarso et al. 2015), 339.7 MgC ha
-1
 in Sumatra, Indonesia (Murdiyarso et al. 
2015) and 334.8 MgC ha
-1
  in Yap, Micronesia (Kauffman et al. 2011) whilst total 
biomass C stock reported for a disturbed mangrove stand in Java, Indonesia  was 
only 21.2 MgC ha
-1
 (Murdiyarso et al. 2015). Most of the reported total biomass C 
stocks measurements are below 200 MgC ha
-1
. The reported proportion of biomass 
components to the total biomass C stocks ranged from 33 % to 88 % for AGB, 8 % 
to 46 % for BGB and 0.2 % to 56 % for DWB, with most of the reported proportion 
below 70 % for AGB, 34 % for BGB and 11 % DWD. Belowground C storage has a 
positive but weak correlation to aboveground C storage (Donato et al. 2011). In 
addition, due to difficulty in measuring BGB, most of the estimates are based on 
allometric equation (Murdiyarso et al. 2013). About 10 % - 15 % of total stored C in 
mangrove is in belowground roots (Alongi 2014).  
Whilst most of biomass and C stocks studies have been conducted in 
undisturbed and managed mangrove forests, these important parameters have not 
been fully quantified in the secondary mangrove forests especially in data-poor 
developing countries in the tropics where this mangrove type is common (Fortes 
2004). Also, the measurement and variation of biomass in closed canopy side by side 
with open canopy mangrove have rarely been reported that could give indications of 
biomass loss due to forest degradation. This gap is addressed in Chapter 4 
(Objective 1) of the Thesis.  
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Table 2.2 Allometric equations for various mangrove species based on diameter at 
breast height (cm) 
 
Source: Komiyama et al. (2008) 
 
Studies that deal on quantifying mangrove C stocks side by side with those of 
non-forest land uses that replaced mangroves on the same site have been reported in 
the literature, albeit they are very few and limited only to Mexico, India and central 
Philippines. Available studies so far are limited to mangrove - abandoned 
aquaculture pond (Kauffman et al. 2013; Bhomia et al. 2016; Duncan et al. 2016) or 
mangrove – pasture (Kauffman et al. 2016). Based on these studies, biomass C stock 
declined by a range of 33 - 86.6 MgC ha
-1
 (68 – 100 %) and by 163 MgC ha-1 (92 %) 
when mangroves are converted to aquaculture pond and cattle pasture, respectively. 
However, other land uses that replaced mangroves such as coconut palm plantation, 
cleared mangrove and abandoned salt pond have not been evaluated yet. In terrestrial 
upland forests, biomass C stocks in terrestrial forests in Asia declined by 22-67 % 
after logging, whilst the coconut plantation biomass C stock is 43 % less than the 
natural forest in the same area (Lasco 2002).  
AGB in mangrove forest tends to increase with distance from downstream 
position/seaward edge (Kauffman et al. 2011; Wang et al. 2014) where salinity is 
low, with lower influence of tidal inundation and wave action, and higher sediment 
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input from the upland. BGB increase with distance from seaward/downstream 
position (Wang et al. 2014). Forest structure influenced root biomass, where highest 
values were observed in forest with high density (Adame et al. 2014). The ratio of 
BGB to AGB ranges from 0.35 – 0.49 (Jachowski et al. 2013; Wang et al. 2014) and 
increases from upstream to downstream positions (Wang et al. 2014). Total biomass 
generally decreases from upstream to downstream as with soil elevation (Wang et al. 
2014).  
Whilst existing mangrove C stocks studies have examined the relationships 
between biomass and site factors such as salinity, distance to shore, and elevation, 
among others (Donato et al. 2011; Adame et al. 2013; Wang et al. 2014), canopy 
biophysical variables (e.g. leaf area index, canopy gap fraction) of mangroves and 
their relationship with biomass and C stocks have not been fully studied. This is 
addressed in Chapter 4 (Objective 1) of the Thesis. Salmo et al. (2013) measured the 
Leaf Area Index (LAI) of a secondary natural mangrove stand as a reference and a 
set of chrono-ages mangrove Rhizophora plantations in the Philippines using 
proximal instrument sensor (Plant Canopy Imager). They found out that LAI and 
AGB are both positively correlated with stand age, and those plantations older than 
11 years had similar values of LAI as the secondary natural mangrove stand (4.13 to 
4.54 m
2
 m
-2
). However, they did not evaluate the relationship between LAI and 
AGB, and did not mention any measurements of canopy gap fraction. Determining 
the relationship between biomass and canopy biophysical variables in mangroves 
could be important to remote sensing-based biomass estimation and mapping since 
LAI and other canopy physical variables could be generated and mapped using 
remotely sensed imagery data (e.g.(Dusseux et al. 2015).  
2.3.2  Soil Carbon accounting in mangrove 
Soil contains 75%, on average, of the total C storage in mangrove, as 
mentioned previously in this Chapter. Past studies on soil C stocks in mangrove are 
mostly done at the upper 100 cm of the sediment due to difficulty in obtaining 
samples. However, studies are growing that measured mangrove soils deeper than 
100 cm due to availability of soil augers that can collect samples below 1 m soil 
depth. Whilst the global average of soil C storage is 75 % of the total C storage 
(Alongi 2014), individual measurements of soil C ranged from 49 % to 98 % of the 
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total C stock (e.g.(Donato et al. 2011; Kauffman et al. 2011; Kauffman et al. 2016; 
Vien et al. 2016). The global mean soil C stocks is about ~717 MgC ha
-1
 (Alongi 
2014) whilst those reported in the literature from individual mangrove studies ranged 
from a low of 155 MgC ha
-1
 for a depth of 152 cm in India (Bhomia et al. 2016) to a 
high of 1255 MgC ha
-1
 for a 300 cm depth in Borneo (Donato et al. 2011).  
The amount of soil C increases with forest age (Alongi 2012) and with 
distance from seaward edge/downstream to landward/upstream (Donato et al. 2011; 
Kauffman et al. 2011; Wang et al. 2014) with decreasing salinity and increasing soil 
elevation. Soil C stock is negatively correlated with salinity and N:P ratio, but 
positively correlated with soil surface phosphorus concentration (Adame et al. 2013). 
Soil C concentration (% C) is positively correlated with tree biomass (Wang et al. 
2014) and generally decreases with depth (Kauffman et al. 2011; Adame et al. 2013).  
In terrestrial ecosystem, the conversion of forest to agriculture results in the 
loss of 20-50 % soil C (Lal 2005).  In Queensland, Australia, soil C stocks declined 
by 22 % when terrestrial forest is converted to agricultural land and by 60 % when 
scrubland is converted to cultivated land (Maraseni 2007). In the coastal mangrove 
area, whilst some studies have been conducted on mangrove soil C stocks, the 
knowledge of the soil C stock of closed canopy and open canopy mangrove forests, 
and of land uses that replaced mangroves such as aquaculture and agriculture are still 
limited. The few available studies are limited to mangrove and abandoned 
aquaculture pond as well as mangrove and cattle pasture. For conversion to 
aquaculture, soil C loss of 60 % (95 MgC ha
-1
) in India (Bhomia et al. 2016) and 86 
% (686 MgC ha
-1
) in the Dominican Republic (Kauffman et al. 2013) have been 
reported in the literature. For mangrove to cattle pasture conversion, soil C loss was 
23 % for 7-year-old pasture and > 70 % for 30-year-old pasture (~235 MgC ha
-1
). 
We have limited knowledge if the same magnitude is true when mangrove forests are 
converted into non-forest land uses other than abandoned aquaculture pond and cattle 
pasture. Such knowledge is important for accurately estimating the impact on C 
stocks owing to land use change. This gap is addressed in Chapter 6 (Objective 3) of 
the Thesis.  
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2.4  Soil GHG Fluxes in mangrove and competing land uses 
In land-based sector, carbon dioxide (CO2), methane (CH4) and nitrous oxide 
(N2O) are the three greenhouse gases (GHG) being monitored and regularly reported 
by the Intergovernmental Panel on Climate Change (IPCC). As shown in Figure 2.4, 
CO2 accounts for 76 % of the total anthropogenic emissions in 2010, while CH4 and 
N2O comprise 16 % and 6.2 % of the total emissions, respectively (IPCC 2013).  
CO2, CH4 and N2O contribute approximately 56%, 32% and 6%, respectively of the 
global warming effect in 2011 relative to year 1750. CH4 and N2O have 28 and 265 
times global warming potential (GWP), respectively, than CO2 in a 100-year time 
horizon (IPCC 2013). Forest clearing, especially in mangrove with high soil C, 
results in the emission of stored C and other GHG through oxidation of soil C 
(Lovelock et al. 2011). In addition, aquaculture and agriculture are activities that add 
nutrients to the system in the form of feeds for shrimps and fish, and fertiliser for 
crops which can enhance the metabolism of soil microorganisms resulting in 
emissions of N2O and CH4 (Chen et al. 2010).  
 
 
Figure 2.4 Total annual anthropogenic GHG emissions by gases, 1970-2010 
Source: IPCC (2013) 
 
 
Previous studies on mangrove soil GHG emission have mostly dealt on either 
CO2 fluxes (Lovelock 2008; Poungparn et al. 2009; Chanda et al. 2014) or CO2 and 
N2O (Chen et al. 2010), or CH4 and N2O (Allen et al. 2011)  whilst only a few have 
simultaneously measured the fluxes of the three GHG (Chen et al. 2010; Chen et al. 
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2014). However, despite its importance, no study has so far simultaneously measured 
all the GHG fluxes on soil of land uses that replaced mangroves. Fluxes of CH4 and 
N2O have not been assessed for replacement land uses of mangroves. Measuring the 
three GHG simultaneously would be necessary for determining the relative 
importance of these gases (Murdiyarso et al. 2012) since they can be brought to a 
common unit (i.e. CO2 equivalent). This gap on soil GHG fluxes in mangrove forest 
and replacement land uses is addressed in Chapter 7 (Objective 4) of the Thesis. 
For mangrove forests, the reported fluxes of CO2 ranged from -0.25 to 2.97 
mol m-2 s-1 in 11 mangrove sites in Caribbean, New Zealand and Australia 
(Lovelock 2008) to 0.07 to 8.67 mol m-2 s-1 in Hong Kong  (Chen et al. 2010) while 
CH4 fluxes ranged from 0.19 to 1087 mol m
-2
 h
-1
 in subtropical mangrove in 
Southeast Queensland, Australia (Allen et al. 2011) to 10 to 5168 mol m-2 h-1 in 
Shenzhen, China (Chen et al. 2010). Reported N2O fluxes ranged from minus (-) 0.04  
mol m-2 h-1 in North Sulawesi, Indonesia (Chen et al. 2014) to 0.14 to 23.8 mol m-
2
 h
-1
 in south China (Chen et al. 2010). Fluxes are reported to be related to soil 
temperature, nutrient/organic matter content, redox potential, and to some extent 
salinity (Alongi 2014, Chen et al. 2014). In addition, CO2 fluxes are higher in 
landward position as compared to N2O and CH4 which are the same regardless of 
tidal positions, and are related to soil organic matter content and soil moisture 
content (Chen et al. 2014), redox potential, salinity and porosity whilst N2O flux is 
related to salinity and porosity and CH4 to NH4-N (Chen et al. 2010). Furthermore, it 
has been reported that the soil CO2 fluxes of 11 mangrove sites in Caribbean, New 
Zealand and Australia are positively correlated with their Leaf Area Index (Lovelock 
2008).  
For the non-forest land uses that replaced mangrove forests, CO2 flux in soil 
cleared of mangrove vegetation over 20 years for tourism development levelled to 2 
mmol m
-2
 s
-1
, approximately 2,900 tCO2 km
-2
 y
-1
,
 
 after four years from disturbance 
in Belize and found not related to soil temperature (Lovelock et al. 2011). For shrimp 
aquaculture ponds, the rates of CO2 flux in Indonesia ranged 4.37 kg CO2 m
-2
 y
-1 
from the walls of the pond and 1.60 kg CO2 m
-2
 y
-1 
from its floors (Sidik & Lovelock 
2013), and 220 to 5,000 (mean 1,750) tCO2 km
-2
 y
-1 
 in shrimp ponds in Australia  
(Burford and Longmore 2001 as cited in Lovelock et al. 2011).  
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While the relationship between LAI and CO2 flux has been reported in 
forested mangrove soils, the relationship between soil GHG fluxes and soil C stock 
in mangrove and its replacement land uses is still poorly understood. We also do not 
know if the same relationship holds true between LAI and the other two GHGs. 
Knowing the relationship of these GHGs with LAI is important for prediction 
purposes as LAI map can be generated using satellite remote sensing imagery data. 
This gap is addressed in Chapter 7 (Objective 4) of this Dissertation. 
Compared to GHG studies on mangrove soil, research on GHG emissions 
from peat land (a type of wetland  but more terrestrial and inland of the coastal zone), 
under peat forests and their non-forest replacement land uses, have been reported by 
several authors (Inubushi et al. 2003; Hadi et al. 2005; Melling et al. 2005; 
Hergoualc'h & Verchot 2011; Hergoualc'h & Verchot 2012).   Several land uses 
under terrestrial peat soils have been studied and measured for their annual emissions 
(Table 2.3). Emissions were reported to be strongly influenced by land use type and 
hydrologic zone, with fluxes exhibiting seasonal changes.  
 
Table 2.3  Annual CO2, CH4 and N2O emissions from peatlands of Kalimantan 
 
Soil flux  
Land use CO2 CH4 N2O 
 (g C m-2 y-1) (g C m-2 y-1) (mg N m-2 y-1) 
Secondary forest 3460 4.4 1338 
Paddy field 1389 19.6 24.7 
Rice-soybean field 2019 2.6 203.6 
Source: Hadi et al. (2005) 
2.5  Satellite remote sensing-based biomass estimation and 
mapping of mangroves 
Traditional mangrove biomass studies have utilised field plots to estimate 
biomass and infer the stock for the whole study site.  This approach is sufficient only 
for a few hectares, but costly and slow if implemented over large areas. This is also 
difficult to implement in remote and treacherous portions of the land under study, 
especially for mangrove forests which have extensive root systems that can make it 
difficult to access to the interior of the forest. Satellite remote sensing technology 
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offer cost and time advantages in collecting data over larger area and in 
implementing large-scale biomass assessment due to its synoptic view and routine 
collection of imagery data (Samalca 2007).   
Mapping of biomass through satellite remote sensing technology can make 
use of radar (active) and multispectral (passive) imagery data (Campbell & Wynne 
2011; Aslan et al. 2016; Wicaksono et al. 2016). Multispectral imagery data are 
composed of many spectral bands including infrared and red edge which are 
sensitive to the presence of vegetation. Cloud-free multispectral data can be used to 
characterise canopy cover, species composition and leaf greenness (Aslan et al. 
2016). However, a major part of the mangrove growing area are in the tropics where 
clouds are persistent. On the other hand, radar sensors such as Synthetic Aperture 
Radar (SAR) have low dependence on atmospheric condition and can operate during 
cloudy weather and at night (Lam-Dao et al. 2009; Campbell & Wynne 2011). 
Studies have been growing on the use of satellite imagery to retrieve and map 
the aboveground biomass in mangrove ecosystem. Global mangrove biomass map 
(Hutchison et al. 2014) have been produced and a number of site-specific mangrove 
biomass maps derived from space-borne optical (Li et al. 2007; Proisy et al. 2007; 
Jachowski et al. 2013; Wicaksono et al. 2016) and radar (Simard et al. 2006; Li et al. 
2007; Fatoyinbo et al. 2008; Thapa et al. 2015; Aslan et al. 2016) imagery data.  
However, there is paucity of reports that compare the performance of both 
satellite radar and optical imagery to predict and map the biomass of mangrove 
forests. Information is also very limited on the performance of radar and optical 
satellite imagery to retrieve and map the biomass of non-forest land uses that 
replaced mangroves. The recent launch of the new-generation Sentinel-1 (SAR) and 
Sentinel-2 (multispectral) satellite missions of the Copernicus program of the 
European Space Agency is expected to provide new and enormous radar and optical 
data for monitoring and mapping of biomass in the coastal zone of the tropics. 
However, pioneering studies are needed to assess these new-generation satellite 
imageries especially in the retrieval and mapping of the biomass of mangrove forest. 
Also needed to analyse are the land uses that replaced mangroves from data acquired 
by these newly launched multispectral and SAR instruments on-board the Sentinel-1 
and Sentinel-2 satellite missions which have not been reported in the scientific 
literature. These gaps are addressed in Chapter 5 (Objective 2) of the dissertation. 
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For satellite optical imagery data, Proisy et al. (2007) used very high-
resolution IKONOS imagery (resolution 1 to 4m) to estimate and map the mangrove 
aboveground biomass in French Guiana through textural ordination technique.  They 
obtained higher biomass prediction accuracy in using panchromatic band than using 
NIR band. Jachowski et al. (2013) used very high-resolution GeoEye-1 satellite 
image and a machine learning biomass algorithm (SMOreg) to build aboveground 
biomass model for a mangrove forest in Thailand. They found that Band 2 (green), 
Band 4 (near infrared) and their ratio (Band 2/Band 4) in combination with ASTER 
GDEM elevation data produced the optimal biomass model, with a correlation of 
predicted and observed value at 0.81. More recently, Wicaksono et al. (2016) used 
vegetation indices and PCA bands derived from ALOS-AVNIR-2 imagery for 
Indonesian mangrove and obtained 77.1 % and 77.8 % predicted map accuracy, 
respectively.  
For radar (SAR) satellite data, Simard et al. (2006) used the traditional linear 
regression to model the relationship between field-measured plot biomass and mean 
stem height derived from LIDAR-calibrated SRTM DEM elevation data to compute 
and map the landscape-scale biomass of mangroves in the Everglade. Fatoyinbo et al. 
(2008) used the equation developed by Simard et al. (2006) to calibrate SRTM 
elevation data into canopy height data of mangrove in Mozambique, Africa and used 
the same in combination with field measured plot biomass and an existing global 
biomass-height equation to map the landscape-scale standing biomass of mangroves 
in the country. Thapa et al. (2015) used the L-band ALOS PALSAR imagery and 
obtained a strong correlation for biomass of mangrove in Sumatra, Indonesia (r
2
 = 
0.84) from the combination of HH and HV individual polarisations and their ratios. 
More recently, Aslan et al. (2016) used SRTM DEM-derived mangrove height 
model, similar to Simard et al. (2006) to estimate and map the mangrove biomass in 
Papua, Indonesia and found the developed prediction model only explained 47 % of 
the variation in field biomass.   
Moreover, studies that compare satellite radar and optical imagery are almost 
non-existent in mangrove biomass study. The lone study, Li et al. (2007), used 
Radarsat imagery backscatter coefficient and compared it with Landsat TM-derived 
NDVI to predict the mangrove biomass in southern China. They found that 
polynomial model from Radarsat had higher correlation with biomass and lower 
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error of biomass prediction than Landsat NDVI model, and model that combined 
Radarsat backscatter and Landsat NDVI (r = 0.84 vs 0.67 and 0.77).  
2.6  GIS-based mapping of mangrove soil C stocks and GHG 
fluxes  
There is a paucity of reports on mapping the site/landscape-scale C stock in 
mangrove although a global mangrove soil C stock map (Jardine & Siikamäki 2014) 
has been produced. Most studies on soil C stocks in mangrove forest and other land 
use in the coastal zone were done using sample plots and have not attempted to map 
the variation in the entire study site. Scaling up to above plot-level (i.e. study site, 
bay/landscape and region) will increase our understanding of the spatial distribution 
and variability of soil C stocks in the coastal zone and can help improve estimates of 
soil C stocks and emissions.  
Whilst GIS-based geostatistical technique such as Kriging has been 
successfully used in inland terrestrial soils to predict the soil C-related parameters in 
un-sampled locations and map their site-scale distribution (e.g.(Mishra et al. 2009; 
Umali et al. 2012; Kucuker et al. 2015), its application in mangrove soil is not well 
understood for lack of any similar studies. Further review of Ordinary Kriging is 
discussed in the methodology section of Chapter 6.  
Results of previous soil C stocks-related predictive mapping in inland soils 
revealed that it was possible to accurately map the soil organic C for the entire study 
site by 82-83 % (Umali et al. 2012) and 97 % for soil C stock (Mishra et al. 2009). 
The prediction accuracy was computed from the given RMSE and dataset range data 
of the two studies, respectively. Kucuker et al. (2015) were also successful in 
mapping the soil C stock distribution in their study site in Turkey using Ordinary 
Kriging, but they did not validate the accuracy of the generated soil C stock map. 
This gap is addressed in Chapter 6 (Objective 3) of this Thesis.  
Also, no studies on spatial modelling of the variability/distribution of soil 
GHG fluxes in mangrove and competing land uses have been done so far. This is 
despite of the relationship between LAI and CO2 in mangrove soil (Lovelock 2008). 
This gap is addressed in Chapter 7 (Objective 4) of the Dissertation. 
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2.7  Whole-ecosystem C stock accounting in mangroves 
There have been growing numbers of studies on quantifying the whole-
ecosystem carbon stocks of mangroves. Alongi (2014) made a recent review of 
mangrove’s C cycling and storage and showed a consolidated mean global whole-
ecosystem C stock of mangrove of 956 MgC ha
-1
, 2 to 4 times higher than terrestrial 
forests such as rainforests (241 MgC ha
-1
) and peat swamps (408 MgC ha
-1
). About 
75 % of total C stock in mangroves is stored in the soil compared to rainforests (44 
%) and peat swamp (70 %). Mangrove roots store approximately 13-15 % of the total 
C, just like rainforests. However, based on individual studies, the values of whole 
ecosystem C stock ranged from 1023 MgC ha
-1
 for Indo-Pacific sites, 937 MgC ha
-1 
for mainland Southeast Asia, and 381 to 987 MgC ha
-1
 in the Caribbean Mexico with 
the C stored in soils accounting for 49 – 98 % of the total mangrove C stocks 
(Donato et al. 2011; Adame et al. 2013; Thompson et al. 2014; Tue et al. 2014; 
Murdiyarso et al. 2015; Duncan et al. 2016; Vien et al. 2016). Ecosystem C stock in 
mangroves increase from high salinity/seaward fringe to low saline/interior/landward 
zone (Kauffman et al. 2011; Mizanur Rahman et al. 2014; Tue et al. 2014) and is 
strongly related to tree basal area and height but has weak correlation with tree 
density and crown cover (Mizanur Rahman et al. 2014).  
In contrast, the whole-ecosystem C stock of abandoned shrimp pond was only 
11 % (Kauffman et al. 2013), 25 % (Bhomia et al. 2016) and 57 % (Duncan et al. 
2016) of the C stock of  their neighbouring mangroves, with range of C stock decline 
from 163 to 768 MgC ha
-1
. Likewise, C stocks of cattle pasture that replaced 
mangroves in Mexico was only 34 % of the adjacent mangrove forest, with C stock 
decline of 399 MgC ha
-1
 in the top 1 m of soil or 900 MgC ha
-1
 if the entire soil 
depth is considered (Kauffman et al. 2016). Despite their importance for establishing 
baseline C stocks and estimating C emissions from conversion and forest 
degradation, however, there remains paucity of reports on the whole-ecosystem C 
stocks secondary mangroves under closed canopy and open canopy stands outside 
protected areas, and other non-forest land uses that replaced mangroves such as palm 
plantation, salt pond and cleared mangroves. These information gaps are addressed 
and summarised in Chapter 8 of the Thesis.  
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2.8  Summary 
From the preceding review of previous studies, the following research gaps 
related to understanding of the C budget in mangrove forests and the C losses arising 
from their conversion to non-forest replacement land uses are summarised below:  
 C emission estimates from mangrove conversion are based only on 
assumptions. Available estimates of C losses from mangrove conversion are 
limited to only a few cases. 
 The biomass and C stocks in the secondary mangrove forests are little 
understood, as well as the C losses from biomass due to conversion to 
replacement land uses of mangroves. Also, the measurement and variation of 
biomass in closed canopy, side by side with open canopy mangrove, have 
rarely been reported that could give indications of biomass C loss due to 
forest degradation. Canopy biophysical variables (e.g. leaf area index, canopy 
gap fraction) of mangroves and their relationship with biomass and C stocks 
have not been fully studied.  
 The soil C stocks of closed canopy and open canopy mangrove forests, and 
the soil C losses from their conversion to non-forest land uses are little 
understood.  
 The whole-ecosystem C stocks of secondary mangroves under closed canopy 
and open canopy stands outside protected areas, and the C losses from 
mangrove conversion to  other non-forest land uses that replaced mangroves 
such as palm plantation, salt pond and cleared mangroves, have not been fully 
evaluated. 
 The soil surface fluxes of the three GHGs (CO2, CH4 and N2O) in secondary 
mangrove forests and the changes due to mangrove conversion are little 
understood. No study has so far simultaneously measured the soil fluxes of all 
the three GHGs (CO2, CH4 and N2O) on mangrove forest side by side with 
their replacement non-forest. The relationship between the mangrove soil 
GHG fluxes and stand parameters (e.g. C stock, leaf area index) is still poorly 
understood.  
 We have limited knowledge on the performance of satellite radar imagery in 
comparison with optical imagery to predict and map the biomass of mangrove 
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forests and non-forest land uses that replaced mangroves. The utility of 
imagery data from the newly launched multispectral and SAR instruments on-
board the Sentinel-1 and Sentinel-2 satellite missions for biomass retrieval 
and mapping in mangrove forest and replacement land uses in the coastal 
zone has not been reported in the scientific literature. 
 There is a paucity of reports on mapping the site/landscape-scale C stock in 
mangrove. Most studies on soil C stocks in mangrove forest and other land 
use in the coastal zone were done using sample plots and have not attempted 
to map the variation in the entire study site. The utility of geostatistics (e.g. 
Ordinary Kriging) in the spatial interpolation and mapping of soil carbon in 
mangrove soil is not well understood for lack of any studies. The same is true 
for the application of geostatistics to spatial modelling of the 
variability/distribution of soil GHG fluxes in mangrove and replacement non-
forest land uses as no studies have been done so far. 
The next Chapter presents the methodology and approaches used in this study 
to attain the objectives enumerated in Chapter 1.  
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Chapter 3 
RESEARCH METHODS 
3.1  Introduction 
The previous two chapters discussed the problem of the on-going mangrove 
deforestation and forest degradation, and the associated C losses arising from 
conversion to non-forest land uses. Also presented on those chapters are the works 
that have been done so far to understand the C budget in mangrove forest and the 
carbon implication of mangrove land use change. Chapter 2 also presents the current 
research gaps on the topic that need to be filled up, and these gaps served as the basis 
for developing the aim and objectives of the study. The present chapter discusses the 
approach, design and methods of the study adopted to achieve the objectives 
enumerated in Chapter 1. This chapter describes the following subsections: a) 
Description of the Study Area, b) Research Design, c) Data Capture and Acquisition, 
and d) Data Processing and Analysis. More specific discussion of methods could be 
found in Chapters 4 to 7 corresponding to the four specific objectives of this Thesis. 
3.2  The Study Area 
The study site is located in the central to the southern coast of Honda Bay on 
the eastern coast of Puerto Princesa City, island-province of Palawan (Figure 3.1). It 
is geographically located between latitude 9.8028
0
 to 9.9612
0
N and longitude 
118.725
0
 to 118.805
0
E. The city is approximately 567 km southwest of Manila, the 
Philippines’ capital. Puerto Princesa City is Palawan province’s capital and is located 
in the central part of the province in the westernmost part of central Philippines. 
Palawan province including Puerto Princesa City and neighbouring towns are famous 
for its white sand beaches, and favourite vacation destinations among local and 
international tourists.  
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Figure 3.1. The location map of the study site. Inset: Philippine map showing 
Palawan province (green) and Puerto Princesa City (beige) at province’s midsection 
 
The climate in the study site is tropical, monsoon-type climate with two 
seasons (dry and wet) and under Type 3 (i.e. no very pronounced maximum rain 
period, with one to three months only of dry season) based on Modified Corona’s 
Climate Classification. The city receives an annual rainfall of 1,527.3 mm. Rainfall 
is highest during months of October (216.1 mm) to November (211 mm) and lowest 
from January to April (less than 55 mm), with February (23.7 mm) as the driest 
month (Figure 3.2). Rainfall from May to September and December is at least 150 
mm (PAGASA 2016). The city’s annual mean temperature is 27.4 0C. The lowest 
temperature (26.8 - 26.9 
0
C) is during the months of January and February while the 
highest (28.5 - 28.6 
0
C) is during April and May (PAGASA 2016).   
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Figure 3.2 Mean monthly rainfall in Puerto Princesa City, Palawan, 
Philippines 
Source: PAGASA (2016)  
 
The population of the city is 255,166 as of 2015 (PSA 2016), from only 
92,147 in 1990 (NSO 2011). The city’s yearly population growth rate was 3.24 % 
during the period 2000-2010 and 5.79 % during 1990-2000. The last 20-years (1990-
2010) annual population growth rate was 4.51 % which was higher compared to the 
national rate of only 2.12 % during the 1990-2010 period (NSO 2011). Nineteen (19) 
of the city’s total 66 barangays (villages), the smallest political unit in the 
Philippines, are located along the coast of Honda Bay and has a total population of 
118,969 as of 2015 (PSA 2016). The six villages that cover the study area (i.e. 
Salvacion, Santa Cruz, Bacungan, Santa Lourdes, Tagburos, and San Jose) have a 
total population of 36,329 (14.2 % of the city’s population). About 15 of the 19 
villages that lie along Honda Bay’s coast, including the six villages that cover the 
study site, are directly dependent on Honda Bay, with fishing either as a primary or 
alternative source of livelihood (Ibrahim, pers. com).  
The city has a total land area of 253, 982 ha (PPC 2017). The eastern coast of 
the city faces the Sulu Sea where two bays can be found: San Miguel Bay near the 
Central Business District (city proper) and further north, Honda Bay. The coastline 
of Honda Bay stretches some 82 km from the Langogan village in the north to down 
south in San Miguel village near the Puerto Princesa Airport. Honda Bay’s central 
and southern coast is lined with a long band of mangrove forests, some 40 km in 
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length, running north to south of the study site, along the coast (fringing mangrove), 
and along the mouths and upstream (estuarine mangrove) of the three rivers in the 
northern part of the study site. The fringing mangroves are interrupted by non-forest 
land uses such as agriculture, aquaculture, and built-up areas/settlements especially 
in the central and southern portion of the study site (Figure 3.3).  
 
 
 
Figure 3.3 Land use map of the study site showing the location of mangrove forest 
relative to the land uses that replaced mangroves and the location of the sampling 
plots (black dots) 
 
The non-forest land uses mostly encroached the landward and middle 
portions of the fringing mangrove in the case of aquaculture, agriculture and built-up 
areas. However, the encroachment was sometimes within the whole band (landward 
to seaward) of the mangrove, disrupting the north-south continuity of the forest 
lining the shore. Encroachment is also apparent with local boat stations where 
clearings for access and some human settlements are prominent. The width of the 
remaining fringing mangrove forest varies from 10 m to about 500 m while the width 
of the estuarine mangroves varies from 250 m to 560 m at the river mouth to some 90 
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m to 200 m upstream. The estuarine mangroves extend some 1 km to about 6 km 
upstream from the river mouth. The mangroves in the northern portion of the study 
site have high tree density (>1,100 trees ha
-1
) and closed canopies (herein termed 
‘closed canopy forest’) while the mangroves in the central and southern portions of 
the study site, where the non-forest replacement land uses of mangroves are all 
located, mostly have lower tree density (<1,00 trees ha
-1
) and open canopies (herein 
called ‘open canopy forest'). 
Sites under mangrove forests were selected as well as non-forest land uses 
that replaced mangroves on deforested mangrove lands (i.e. competing land uses of 
mangroves) such as aquaculture ponds, coconut plantation, abandoned salt pond and 
cleared mangrove area. The study site has an area of 2,750 ha, of which some 
1,216.4ha is covered by mangrove forests, both under closed and open canopies. The 
mangroves in the site are dominated mostly by Rhizophora species. They can be 
classified into two canopy types: closed canopy mangrove forest and open canopy 
mangrove forest. Closed canopy mangroves are dense, intact mangrove vegetation, 
with no significant open spaces or gaps. These forests are located mostly in areas far 
from built-up areas. They have a mean Leaf Area Index (LAI) of 2.25 and canopy 
gap fraction of 14 % or about ~86 % canopy foliage cover. On the other hand, open 
canopy mangroves have open spaces with fewer trees, and mostly near built-up 
areas, with mean LAI of 0.62 and canopy gap fraction of 64 % (~36 % canopy 
foliage cover).  
In contrast, the non-forest land uses were historically occupied by mangroves 
prior to their conversion. The aquaculture ponds and abandoned salt ponds were 
former mangrove forests until they were cleared in the early 1990s and were both in 
operation until early 2000s. The coconut plantation is a 20-year-old stand planted at 
the back of an open canopy mangrove forest and seemed not actively managed. This 
plantation has thick growth of the mangrove fern Acrostichum sp. on the base of the 
individual coconut (see Fig. 3.4d). The cleared mangrove is a deforested mangrove 
area that was gradually cleared from 2005 to 2008 as a site earmarked for 
resettlement but remained unutilized at the time of survey. Table 3.1 shows the area 
of mangrove forest and the non-forest land uses that replaced mangroves. 
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Table 3.1 Area of mangrove forest and the non-forest land uses 
that replaced mangroves 
 
Land use 
 
Area (ha.) 
 
% share 
 
Mangrove 1,216.4 44.2 
Abandoned aquaculture pond 237.8 8.6 
Coconut plantation 69.5 2.5 
Abandoned salt pond 14.4 0.5 
Cleared mangrove 9.6 0.3 
Other non-forest land uses 1,202.3 43.7 
    Total 2,750 100 
 
3.2.1  Basis in Selecting the Study Site 
The criteria used in site selection include the following: 
1. Presence of mangrove forest in closed and open canopy conditions, and 
non-forest land uses that replaced mangroves, such as aquaculture pond 
and non-aquaculture alike in the same coast. 
2. Palawan has been identified as one with the highest mangrove 
deforestation rate from 1990 to 2010 (Long et al. 2013). 
3. Accessibility, peacefulness, and orderly situation of the study area. 
3.3  Field Sampling Design 
Stratified random sampling was adopted in this study where land use (e.g. 
mangrove forest) was used as strata. In each strata, sites were selected through 
simple random sampling. The mangroves had three sites for closed canopy forest and 
three sites for open canopy forest. The non-forest replacement land uses had three 
sites for abandoned aquaculture ponds. Due to access restriction to other coconut 
plantations in the site and absence of other abandoned salt ponds and cleared 
mangrove in the area, only one site for each of these non-aquaculture land uses was 
measured.  
In each site of mangrove forest, three transects were established, except for one 
thin (width: 20-25 m) open canopy mangrove forest where only two transects were 
established (Figure 3.5).  Each transect was established near the sea margin 
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(seaward), middle/midstream and near the land/upstream (landward) to cover the 
natural tidal gradient in mangrove (cf. (Kauffman & Donato 2012). In each 
mangrove transect, three circular plots, 7 m in radius, were established 50 m apart 
along a line parallel to the coast. For non-forest replacement land uses, only two 
transects were established at each site, but each transect also had the same three 7m-
radius circular plots, spaced about 25 m apart. At each plot, all the measurements 
(e.g. tree diameter, soil depth) necessary to determine biomass C stock, soil C stock 
and soil GHG fluxes were undertaken. In each plot, geographic coordinates were 
recorded using a Garmin hand-held GPS receiver. In total, 90 plots were established, 
of which 51 plots were in mangrove forests, and 39 from non-forest land uses that 
replaced mangroves (i.e. 18 plots in abandoned aquaculture ponds, nine plots in 
abandoned salt pond, six plots in a coconut plantation and six plots in cleared 
mangrove area). The plot layout for biomass and soil C sampling was adopted from 
Kauffman and Donato (2012). The number of plots per transect was reduced to only 
three instead of six to sample more transects.  
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
 
             Figure 3.4 The mangrove forests and the non-forest land uses that replaced 
mangroves in the coast of southern Honda bay - a) closed canopy mangrove 
forest, b) fresh mangrove stump in open canopy mangrove forest, c) 
abandoned aquaculture pond, d) coconut plantation, (e) abandoned salt 
pond, and (f) cleared mangrove 
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Figure 3.5 General field layout of sampling plots 
Source: Kauffman and Donato (2012), modified 
 
3.4  Data Capture and Acquisition 
Figure 3.6 gives an overview of the study showing the data inputs, data 
analyses, and the outputs to achieve its four objectives. The details and methods of 
data capture and acquisition for each technical chapter are discussed in the 
succeeding sections of this Thesis. As data capture and acquisition are different for 
each technical chapter, only a general overview is provided in this section as 
summarised below in Figure 3.6 and Table 3.1. Briefly, GIS layers (e.g. land use, 
administrative boundary) were secured and used as the basis for field plot data 
collection for vegetation biomass, and soil C stock and soil GHG fluxes. The 
geographic coordinates of the plots were collected. The field data were supplemented 
by remotely sensed data such as those from the 30m- DEM from Shuttle Radar 
Topography Mission (SRTM) downloaded from EarthExplorer (USGS 2016),  and 
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the new 10m- satellite Synthetic Aperture Radar (SAR) and multispectral data from 
the newly launched Sentinel satellite system downloaded from Sentinel Data Hub 
(ESA 2016). Ancillary measurements in each plot were also done to supplement the 
biomass, soil C and soil GHG flux data collected. These measurements include 
canopy variables (i.e. Leaf Area Index (LAI), Transmission Coefficient, Mean Leaf 
Angle); soil pore water pH, pore water salinity, soil redox potential, soil porewater 
temperature, and soil temperature.      
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Input-Process-Output Model of the study 
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Table 3.2 Types of data collected for the study 
Data type 
  
Acquisition 
year/period 
I. Field plot data 
 
 
A. Biomass stock June - July 2015 
  
Species of plant 
   DBH, basal area, height  
  
Count of individuals, tree density 
 
  
Downed woody debris (DWD) diameter 
 
  
DWD wood density, count of DWD pieces 
 
 
B. Soil C stock June - July 2015 
  
Soil depth interval, total depth 
 
  
Bulk density, %C 
 
 
C. Soil GHG fluxes July 2015 
  
CO2 flux 
 
  
CH4 flux, N2O flux 
 
 
D. Ancillary data June - July 2015 
  
Leaf Area Index, Transmission Coefficient 
 
  
Mean Leaf Angle, GPS coordinates 
 
  
Soil porewater pH, porewater salinity 
 
  
Soil temperature, porewater temperature 
 II. Remotely sensed data 
 
 
A. Synthetic Aperture Radar (Sentinel-1) 
 
  
Image 1 (with VV, VH channels in 10 m resolution) October 2015 
  
Image 2 (with VV, VH channels in 10 m resolution) December 2015 
  
Image 3 (with VV, VH channels in 10 m resolution) January 2016 
 
B. Multispectral data (Sentinel-2) 
 
  
Bands 1 to 12 (VNIR (10m), Red Edge and SWIR (20 
m) April 2016 
 
C. Digital Elevation Model (SRTM, ~30 m) February 2000 
III. GIS layers  
 
 
A. Digitised by author from Google Earth Pro 
 
  
Selected land cover of the study site Feb., Mar., Apr. 2016 
 
B. Acquired from other sources 
 
  
Administrative boundary, villages (PhilGIS) No information 
  
2010 Land cover map of Philippines (NAMRIA) 2010 
IV. Other Data  
 A. Population count; growth rate (PSO 2017)  2015; 2010 
 B. Climatic data (PAGASA 2016) Last 30-year period 
 
C. Length of coastline, width and length of mangrove forests 
(measured from Google Earth Pro image) 2015 
 D. History of the site, livelihood of people (pers. com) June – July 2015 
 E. Biomass allometric models; wood density values  
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3.5  Data Processing and Analysis 
Figure 3.6 also presents the processing and analyses done to achieve the 
objectives of the study.  The details of each data processing and analysis are 
discussed in detail in the method of the following technical chapters. As the technical 
chapters have different data processing and analysis, only an overview is presented in 
this section. Briefly, for Research Objective 1 (biomass C stock of mangrove and 
replacement land uses), published allometric equations were used to convert the 
individual tree diameter-at-breast-height and wood density into biomass per tree, 
which was then summed for all trees in the plot to come up with biomass per plot. 
The relationship of plot biomass with selected field measured canopy and site 
variables (termed here as ancillary data) were determined through correlation 
analysis. Potential C losses from biomass were determined using Stock Change 
Method. Statistical tests (e.g. correlation analysis, regression, analysis of variance) 
were done using the IBM SPSS Statistics software version 22.  
For Research Objective 2 (Satellite remote sensing-based biomass mapping), 
new-generation satellite SAR and multispectral imagery data from Sentinel Satellite 
system were evaluated for their potential for predictive biomass retrieval and 
mapping in the mangrove area. Pre-processing of radar imagery (calibration, speckle 
reduction, terrain correction) and multispectral imagery (atmospheric correction, 
conversion from top-of-atmosphere reflectance to bottom-of-atmosphere reflectance) 
were done first. Vegetation indices (NDVI, IRECI, TNDVI, and NDI45)
1
  and 
canopy biophysical variables (LAI, fCover, Leaf Chlorophyll, and fPAR)
1
 were 
derived. These Sentinel image-derived vegetation variables plus the raw bands of 
SAR and multispectral imagery were used as biomass predictors and were regressed 
with the plot biomass data from Objective 1 to predict and map the biomass in the 
study area. The regression analysis was accomplished using the traditional linear 
regression and new machine learning algorithms. The accuracy of prediction was 
analysed using root mean square error (RMSE), and agreement (r) of predicted and 
observed values from leave-one-out cross-validation method. The pre-processing of 
SAR and multispectral imagery, and derivation of vegetation indices and biophysical 
variables were implemented in SNAP software version 4.0 (ESA 2016) while the 
                                               
1 These acronyms are defined in Acronyms and Chapter 5.  
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biomass modelling/regression analysis and model accuracy assessment were done in 
WEKA Machine Learning software version 3.8.0 (Hall et al. 2009). The predictive 
mapping and map accuracy assessment were done using the Spatial Analyst 
extension of ArcMap version 10.3.1.  
For Research Objective 3 (Soil C stock and GIS-based mapping), the same plot 
for biomass was evaluated for its soil C stock. The collected soil samples were 
processed in the laboratory for bulk density and % C determination. Soil C stock per 
plot was determined as the product of soil bulk density (BD), %C and soil depth 
interval. The relationship of soil C stock with ancillary data was also determined 
using correlation analysis. C losses from soil were computed using the Stock Change 
Method of IPCC. A GIS-based geostatistical spatial interpolation technique was used 
to predict the soil C stock at non-sampled locations and map the soil C stock 
distribution at the study site. The accuracy of prediction was also analysed using root 
mean square error (RMSE), and agreement (r) of predicted and observed values from 
leave-one-out cross-validation method. Statistical tests (correlation, analysis of 
variance) were done using IBM SPSS Statistics version 22. The geostatistical spatial 
interpolation and accuracy assessment were done using Geostatistical Analyst 
extension of ArcMap version 10.3.1. 
For Research Objective 4 (soil fluxes of the 3 GHGs and GIS-based mapping), 
soil fluxes of CO2 were determined in situ while fluxes of CH4 and N2O were 
quantified in the Gas Chromatography laboratory. The fluxes of each GHG were 
brought to a common unit (CO2 equivalent) using their Global Warming Potential 
and added to determine total emission. The relationship of each soil GHG flux with 
selected ancillary data was also determined using correlation analysis. Changes in 
soil GHG fluxes owing to conversion were determined from the difference of fluxes 
in mangrove and the replacement land uses. A GIS-based geostatistical spatial 
interpolation technique was used to predict the soil fluxes of the three GHGs at non-
sampled locations and map the distribution of soil fluxes of the three GHGs in the 
study site. The accuracy of prediction was also analysed using the methods in 
Research Objectives 2 and 3. The Geostatistical Analyst extension of ArcMap 
version 10.3.1 was used for geostatistical spatial interpolation and accuracy 
assessment while IBM SPSS Statistics version 22 was used for statistical tests such 
as correlation analysis and analysis of variance. 
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3.6  Summary 
This Chapter presents the overall approach and general methods used to 
achieve the four objectives of the study. As the detailed methods are discussed in the 
ensuing technical chapters, the methods used were given here briefly. In summary, 
the biomass C stock was determined by field plot sampling and using published 
allometric models, while C loss from biomass owing to land use conversion was 
determined using Stock Change Approach. The potential of new-generation SAR and 
multispectral imagery data from the newly launched Sentinel Satellite System for 
predictive biomass retrieval and mapping were determined by modelling using linear 
regression and machine learning algorithms, and GIS-based implementation. The soil 
C stock was determined by field plot sampling while C loss from soil from mangrove 
land use conversion was determined using Stock Change Approach. Predictive 
mapping of soil C stocks was done using GIS-based geostatistical modelling. Soil 
fluxes of CO2, CH4 and N2O were determined by field plot sampling and laboratory 
analysis while changes in soil fluxes of these GHGs as a result of mangrove land use 
conversion were determined by bringing the three GHGs into a common unit using 
their Global Warming Potential. Predictive mapping of soil GHG fluxes was done by 
modelling using the GIS-based geostatistical technique.  
The next chapter, Chapter 4, presents the first technical chapter of the thesis 
and discusses the field investigation on biomass C stock estimation in mangrove 
forest and non-forest land uses that replaced mangroves. It also includes the reports 
on the potential C losses from biomass owing to land use conversion in mangrove.
Chapter 4 -  Biomass and C stocks of mangrove forests and land uses that replaced 
mangroves 
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 Chapter 4 
BIOMASS AND CARBON STOCKS IN MANGROVE FORESTS 
AND LAND USES THAT REPLACED MANGROVES 
4.1  Introduction 
Chapter 2 highlighted the knowledge gap in our understanding of the biomass 
and carbon (C) storage in mangrove, in both closed canopy and open canopy forests, 
and in the non-forest land uses that replaced mangroves. The gap in the relationship 
of biomass with the canopy biophysical variables such as Leaf Area Index was also 
emphasised. These information offer critical bases for various applications such as 
biomass mapping, estimation of productivity, and estimation of C losses in biomass 
owing to mangrove conversion and forest degradation, among many others. In this 
Chapter, the aboveground biomass (AGB), belowground biomass (BGB), downed 
woody debris biomass (DWB) of secondary mangroves and the land uses that 
replaced them (aquaculture pond, coconut plantation, salt pond and cleared 
mangrove) were investigated. This Chapter has the following objectives: 1) to 
quantify the biomass and carbon stocks from AGB, BGB, DWB of mangrove forests 
and the non-forest land uses that replaced mangroves, and 2) to determine the 
relationship of biomass stock with canopy biophysical variables.  
 This Chapter is organised into five sections. The Background section presents 
and discusses the information on previous works undertaken about the topic and the 
knowledge gaps on biomass C accounting. These knowledge gaps were used as basis 
to form the objectives of the Chapter. Then the Chapter proceeds with the Methods 
section wherein the approaches and methodologies are discussed to achieve the 
objectives. The Results as well as the Discussion sections follow. The Chapter ends 
with the Conclusion highlighting the new knowledge and insights generated from 
this biomass study. 
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The novel outputs of the study presented in this Chapter include the 
following: a) all the biomass components (aboveground, belowground and downed 
woody debris) of mangroves and non-forest mangrove replacement land uses 
(aquaculture and non-aquaculture alike) were analysed which have been partially 
considered in the past studies; b) canopy variables in mangroves and their 
relationship with biomass were characterised; and c) potential C losses from biomass 
owing to mangrove conversion and mangrove forest degradation were estimated. 
This Chapter also reports the downed woody debris biomass of mangrove forests in 
the Philippines for the first time.  
4.2  The need for biomass study in mangrove and replacement    
land uses 
Mangrove forest is a valuable coastal resource in the tropics. It provides 
various products which include timber and other construction materials, fuelwood,  
fishery products and ecosystem services such as storm protection, sediment 
regulation, and habitat for coastal and marine biodiversity (Alongi 2014). It is 
increasingly recognised as among the most C dense tropical forests, storing three to 
five times higher than terrestrial forests (Donato et al. 2011). However, despite its 
importance, there has been a massive reduction in the global mangrove area in the 
past owing to conversion to other land uses (FAO 2007; Spalding et al. 2010; Giri et 
al. 2011). Overexploitation and conversion of mangroves to aquaculture, agriculture, 
urban, tourism and industrial uses are considered to be among the drivers of 
mangrove loss especially in Southeast Asia (Richards & Friess 2016). In the 
Philippines, for instance, mangrove vegetation have been cleared and reduced by half 
(51.8 %) in just over 92 years, from around 450,000 hectares  in 1918 (Brown & 
Fischer 1920) to only 240,824 ha  in 2010 (Long et al. 2013). It is essential, 
therefore, to monitor the mangroves and quantify its attributes such as its role in the 
global C cycling, biodiversity conservation, and as a potential source of renewable 
biomass energy.  
Biomass in the form of AGB, BGB and DWB are significant carbon pools in 
an ecosystem (Kauffman & Donato 2012; Howard et al. 2014). It has been recently 
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reported in the global 2015 Forest Resource Assessment that forest biomass and C 
stock densities were highest in tropical sub-regions of South America (122.4 Mg C 
ha
-1
) as well as in Western and Central Africa (120.6 Mg C ha
-1
) while the dead 
wood C density was highest (12.1 Mg C ha
-1
) in North America  (Köhl et al. 2015). 
In mangrove forest, previous studies had quantified the biomass and C stock 
densities in undisturbed (Donato et al. 2011; Kauffman et al. 2011; Murdiyarso et al. 
2015), and managed (Adame et al. 2013; Thompson et al. 2014; Tue et al. 2014; 
Adame et al. 2015; Vien et al. 2016) mangrove forest stands.  
However, the values of biomass and C stock densities have not been fully 
quantified in the secondary mangrove forests especially in data-poor developing 
countries in the tropics where this mangrove type is common due to various 
disturbances (Fortes 2004). Also, very few have dealt on quantifying mangrove C 
stocks side by side with those of non-forest land uses that replaced mangroves on the 
same site. Available studies so far are limited to mangrove and abandoned 
aquaculture pond (Kauffman et al. 2013; Bhomia et al. 2016; Duncan et al. 2016) or 
mangrove and pasture (Kauffman et al. 2016), and did not include other land uses 
that replaced mangroves such as coconut palm plantation, cleared mangrove and 
abandoned salt pond.  
Furthermore, existing mangrove biomass C stocks studies mostly deal with 
biomass and C stock quantification and their relationships with site factors such as 
salinity, distance to shore, elevation and porewater pH, among others (Donato et al. 
2011; Adame et al. 2013; Wang et al. 2014). However, the relationship of mangrove 
biomass C stock with canopy variables (e.g. leaf area index, canopy gap fraction) has 
not been fully studied. Knowing the relationship between biomass and canopy 
variables such as LAI might assist in biomass mapping in mangrove areas since LAI, 
for instance, can be generated from satellite imagery.  
Quantification of biomass from these land uses in the plot-scale is an 
important input for the evaluation of productivity, C sequestration and storage, 
estimation of associated C losses from conversion, and coastal biodiversity (Alongi 
2014). It is also necessary for the estimation of available fuelwood from downed 
woody debris, as support to planning for renewable energy generation (Kumar et al. 
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2012) and to support large-scale biomass monitoring assessment using remote 
sensing techniques (Aslan et al. 2016). 
4.3  Methods 
4.3.1   Study Site 
The study site is a coastal area located in the southern coast of Honda Bay on 
the eastern coast of Puerto Princesa City in the island-province of Palawan (between 
latitude 9.8028
0
 to 9.9612
0
N and longitude 118.725
0
 to 118.805
0
E). The city is 
located in the central part of Palawan province, approximately 567 km south-west of 
Manila, the Philippines’ capital and located in the central part of Palawan province. 
The climate is tropical, with two seasons (dry and wet) and under Type 3 based on 
Modified Corona’s Climate Classification (i.e. no very pronounced maximum rain 
period, with one to three months only of the dry season). Palawan has minimal rain 
(24-54 mm per month) from January to April and relatively wet (>115 mm per 
month) during the rest of the year (PAGASA 2016). The mean annual rainfall is 
1,527.3 mm which is highest during October (216.1 mm) and lowest in February 
(23.7 mm) (PAGASA 2016).  
The coast of southern Honda Bay is a mosaic of a long band of mangrove 
forests interrupted by non-forest land uses such as agriculture, aquaculture, and built-
up areas/settlements. The Bay is drained by several rivers and creeks where 
mangroves thrive. Rivers in varying length dissect the mangrove forests, both 
estuarine and fringing types. Mangroves, especially in the northern part of the study 
site, are extensive. A detailed description including maps of study site is given in 
Chapter 3. 
4.3.2   Field sampling design and biomass C accounting process 
Mangrove forests (represented by closed canopy mangroves and open canopy 
mangroves) along with non-forest land uses that replaced mangroves in Honda Bay 
such as abandoned aquaculture pond, coconut plantation, abandoned salt pond and 
cleared mangrove were assessed for their AGB, BGB, DWB and total biomass, and  
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C stocks. The non-forest land uses were previously occupied by mangroves.  The 
study site was stratified based on land use. In each land use, sites were selected 
through simple random sampling. The mangrove forests had three sites for closed 
canopy stand and another three sites for open canopy mangroves. The land uses that 
replaced mangroves also had three sites for abandoned aquaculture ponds. However, 
the non-aquaculture land uses had only one site each due to access restriction to other 
coconut plantations and absence of other sites for abandoned salt pond and cleared 
mangrove. For mangrove forest, three transects were established at each site (except 
for one open canopy mangrove which had only two transects due to thin cover): near 
the sea (seaward), middle/midstream and near the land/upstream (landward) to cover 
the natural tidal gradient in a mangrove ecosystem (cf. Kauffman and Donato (2012). 
The seaward transects were about 15m-20 m from the mangrove-sea interface. Each 
transect has three circular plots, 7 m in radius, spaced 50 m apart (Figure 4.1). For 
non-forest land uses, two transects were established at each site except for salt pond 
which had three. Each transect also had three circular plots, 7 m in radius, established 
about 25m apart.  
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Figure 4.1 Plot layout for biomass sampling 
Source: Kauffman and Donato (2012), modified 
Following the method of Kauffman & Donato (2012) for biomass C 
accounting, all the measurements (e.g. tree diameter) necessary to determine the 
biomass were undertaken for each plot. In total, 90 plots were established, of which 
51 plots were located in mangrove forests. The whole process of biomass C 
accounting implemented in this study is summarised in Figure 4.2. 
With geographic coordinates recorded in each plot using a Garmin hand-held 
GPS receiver, canopy variables such as Leaf Area Index (LAI), and gap 
fraction/Transmission Coefficient were measured using the CI-110 Plant Canopy 
Imager (CID Bio-Science, Washington, USA) (see Figure 4.3). LAI is the one-sided 
leaf area per unit ground area and is a measure of photosynthetic area (Salmo et al. 
2013). Canopy gap fraction is the amount of the sky visible from beneath the canopy 
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and indicates fraction of canopy foliage cover (CID_Bioscience 2016). As well as 
LAI, a proxy for Canopy gap fraction called fraction of vegetation cover (fCover), 
could also be generated and mapped using satellite imagery.  
 
 
 
 
Figure 4.2 Input-Process-Output model for biomass C accounting component 
(Chapter 4) of the Thesis  
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a b 
  
c d 
  
e f 
Figure 4.3 Canopy image and calculated canopy metrics, respectively, of closed 
canopy mangrove (c, d), and open canopy mangrove (e, f) taken from Plant 
Canopy Imager CI-110 instrument (CID Bioscience, USA)  
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4.3.3   Estimation of biomass  
In each plot, the species of each tree was recorded and measured of its 
diameter at breast height (1.3 m from the ground) or 30 cm above the highest prop 
root for stilt-rooted species like Rhizophora spp (Figure 4.4).  As there were no 
specific allometric equations published for the study site and for the Philippine 
mangroves, published allometric equations were used to compute for the 
aboveground and belowground biomasses of each tree (Komiyama et al. 2005; 
Kauffman & Donato 2012; Adame et al. 2013; Tue et al. 2014). For AGB of 
mangroves, equations specific for the species/genus were used; otherwise, the 
common allometric equation of Komiyama et al. (2005) for other species was utilised 
(Table 4.1). Mangrove BGB was estimated using the common allometric equation of 
Komiyama et al. (2005). Species-specific wood density values in the Philippines for 
some mangrove species and genus as reported in Brown and Fischer (1920) were 
used. For others with no available data on wood density, data from published 
literature were used such as those compiled by Howard et al. (2014). For coconut 
biomass, the allometric model given in Brown (1997) as used by Zamora (1999) for 
coconut plantation in Mt Makiling, Philippines was adopted. The result of Zamora 
(1999) of ~4% belowground - aboveground biomass ratio to compute for the 
belowground biomass of each coconut individual was also used.  
Also, the mass of DWB at all sites in each land use was measured in each of 
the biomass plot using planar intercept technique as described in Kauffman and 
Donato (2012) and in Howard et al. (2014), and as used by Kauffman et al. (2013) 
and Kauffman et al. (2016). The DWB material consisting of fallen twigs, branches, 
and stems were classified by diameter as fine (<0.6 cm), small (0.6-2.5 cm), medium 
(2.6-7.6 cm) and large (>7.6 cm). In the centre of each 7m-radius plot, four 12-m 
sub-transect lines were laid down, the first being 45
0
 off the direction of the main 
transect line and the remaining three established clockwise, 90
0
 off from the previous 
sub-transects. In each sub-transect, the large woody debris was recorded at the entire 
length of the sub-transect (i.e. 0-12 m) while fine, small and medium debris were 
sampled at 10 m-12 m, 7 m-10 m, 2 m-7 m marks of the sub-transect line, 
respectively (Figure 4.5). For each large debris, the diameter was measured while for 
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the rest of the debris classes, the number of pieces was classified by diameter class 
using a metal fuel gauge and was tallied.  
 
 
 
  
a b 
 
 
 
c d 
Figure 4.4  Data collection for biomass estimation. a) measuring the tree diameter, 
b) classifying the diameter of downed woody debris (DWD) using a fuel 
gauge, c) laboratory works for DWD samples to estimate the volume using 
water displacement method, and d) ovendrying the DWD samples 
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Table 4.1. Biomass allometric equations and wood density values used in the study 
Species Aboveground Belowground
+ 
References for 
aboveground  
biomass equations 
Wood 
Density 
(g cm
-3
) 
Aegiceras floridum Biomass (kg) = 
0.251**D2.46 
Biomass (kg) = 
0.199* 0.899D2.22 
Komiyama et al. 
(2005) 
0.71
a 
Bruguiera gymnorrhiza Biomass (kg) = 0.186 
D
2.31 
Biomass (kg) = 
0.199* 0.899D2.22 
Clough and Scott 
(1989) 
0.85
b 
B. parviflora Biomass (kg) = 
0.168D
2.42 
Biomass (kg) = 
0.199* 0.899D2.22 
Clough and Scott 
(1989) 
0.89
b 
B. sexangula Biomass (kg) = 
0.168D
2.42
 
Biomass (kg) = 
0.199* 0.899D2.22 
Clough and Scott 
(1989) 
0.87
b 
Camptostemon philippinense Biomass (kg) = 
0.251**D2.46 
Biomass (kg) = 
0.199* 0.899D2.22 
Komiyama et al. 
(2005) 
0.71
a
 
Ceriops tagal Biomass (kg) = 
0.251**D2.46 
Biomass (kg) = 
0.199* 0.899D2.22 
Komiyama et al. 
(2005) 
0.89
b 
Cocos nucifera 
Biomass (kg) = 
0.7854*D2*H**1.6 
Biomass (kg) 
=0.7845*D2*H**1.6 
*0.04  (Zamora 1999)
 
Brown (1997); 
Zamora (1999) 
0.25
c
 
Heritiera littoralis Biomass (kg) = 
0.251**D2.46 
Biomass (kg) = 
0.199* 0.899D2.22 
Komiyama et al. 
(2005) 
0..84
a 
Lumnitzera racemosa Biomass (kg) = 
0.251**D2.46 
Biomass (kg) = 
0.199* 0.899D2.22 
Komiyama et al. 
(2005) 
0.71
a
 
Rhizophora apiculata Biomass (kg) = 
0.235D2.42 + 
Biomassstilt (kg) = 
0.0209D2.55 
Biomass (kg) = 
0.199* 0.899D2.22 
Ong et al. (2004) 1.04b 
R. mucronata Biomass (kg) = 
0.235D2.42 + 
Biomassstilt (kg) = 
0.0209D2.55 
Biomass (kg) = 
0.199* 0.899D2.22 
Ong et al. (2004) 0.98b 
R. stylosa Biomass (kg) = 
0.235D2.42 + 
Biomassstilt (kg) = 
0.0209D2.55 
Biomass (kg) = 
0.199* 0.899D2.22 
Ong et al. (2004) 0.98b 
Sonneratia alba Biomass (kg) = 
0.251**D2.46 
Biomass (kg) = 
0.199* 0.899D2.22 
Komiyama et al. 
(2005) 
0.83
b 
Xylocarpus moluccensis Biomass (kg) = 
0.251**D2.46 
Biomass (kg) = 
0.199* 0.899D2.22 
Komiyama et al. 
(2005) 
0.66
b 
X. granatum Biomass (kg) = 
0.251**D2.46 
Biomass (kg) = 
0.199* 0.899D2.22 
Komiyama et al. 
(2005) 
0.66
b 
        a
Howard et al., 2014   bBrown and Fisher, 1920   cBrown 1997; Zamora, 1999  +Equations from Komiyama et al. (2005) 
unless stated otherwise 
 
 
 
 
Figure 4.5  Guide to sampling the downed woody debris biomass 
Source: Kauffman and Donato (2012) 
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Samples of debris in each class were collected for calculations of site-specific 
mean diameter, quadratic mean diameter and wood specific density of each debris 
class. Prior to oven-drying, the volume of each wood debris sample was determined 
using the water displacement method as suggested by Kauffman and Donato (2012) 
and Howard et al. (2014). The same samples were then oven-dried until constant 
weight at 100 
0
C. The specific gravity of each woody debris sampled in each class 
was then determined by dividing the oven-dry weight of each sample with its fresh 
volume. 
The volume per hectare for each debris class was computed using scaling 
equations discussed in Kauffman and Donato (2012) and Howard et al. (2014), and 
given as: 
a. large DWD class:    v = 2 (d 2/8L)                                (Equation 
1) 
b. other DWD classes:   v =  2(Ni QMDi
2 
/8L)            (Equation 
2) 
where: v = volume (m
3
 ha
-1
)  
d = diameter of piece (cm) 
L = length of sampling line (m) 
Ni = count of intersecting woody debris in debris size class i 
QMD = quadratic mean diameter of debris size class i (cm)  
The volume of each woody debris class was multiplied by its wood density 
value to obtain DWB.  
4.3.4   Biomass C stock calculation 
The AGB and BGB data were converted to their C stock equivalent using C 
fraction of 48 % and 39 %, respectively as suggested by Kauffman and Donato 
(2012) and adapted by Adame et al. (2013), Kauffman et al. (2013) and Kauffman et 
al. (2016) for mangroves. Also, the DWB was multiplied by C fraction of 50 % to 
determine DWB C stock as suggested by Kauffman and Donato (2012) and applied 
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in a number of published mangrove biomass studies (e.g.(Adame et al. 2013; 
Kauffman et al. 2013; Kauffman et al. 2016). In addition, for coconuts, the 48 % C 
fraction to convert the ABG to its carbon stock equivalent was also used while for its 
BGB, the 39 % C fraction based on the result of Zamora (1999) for coconut 
plantation biomass study in Philippines was adopted. Jaramillo et al. (2003) also 
found that the C content of roots in tropical forests and pastures of Mexico to be 
between 35.9% - 41.6%, which give a median of about 39%. 
The sum of C stocks of AGB, BGB and DWB was calculated to determine 
the biomass C stock per plot and averaged per site and per land use to get the mean 
biomass C stock per land use. The value was converted to its CO2-equivalent (CO2e) 
based on the protocol of IPCC to monitor the changes in C stocks (Pendleton et al. 
2012).  
4.3.5   Statistical analysis 
Non-parametric Kruskal-Wallis H Test was used to compare the biomass 
carbon stocks among land uses. If the differences are significant, a pairwise 
comparison was employed using Mann-Whitney U Test. These tests are used in place 
of the parametric one-way Analysis of Variance and its post-hoc tests when the 
number of observations in the groups are unequal, and the assumptions of data 
normality and homoscedasticity are sufficiently violated (Zaiontz 2015; McDonald 
2016). These non-parametric tests have also been used by Murdiyarso et al. (2015) 
and Phang et al. (2015) for their mangrove carbon stock studies. Correlation analysis 
was used to determine the relationships between AGB and DWB and as well as the 
relationships between biomass C stock and canopy biophysical variables. All tests 
were conducted at 5 % significance level.  
4.4  Results  
The mangrove forests were dominated by Rhizophora apiculata and R. 
mucronata. A total of 14 mangrove species were recorded, eight species in closed 
mangrove forests and 13 in open canopy mangroves (Table 4.1). In abandoned 
aquaculture ponds, individuals of R. apiculata and Ceriops tagal were also 
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encountered, but only one site (site 3) had vegetation albeit very few. The tree 
density in mangrove forests was between 865 ± 55 trees ha
-1
 (open canopy forest) 
and 1,621 ± 139 trees ha-1 (closed canopy forest). In the coconut plantation, the tree 
density was 195 ± 24 trees ha
-1
 while it was only 40 ± 28 trees ha
-1 
in aquaculture 
ponds. Trees were absent in both the abandoned salt pond and the cleared mangrove. 
The basal area in closed mangrove forests was 11.4 ± 1.1 m
2
 ha
-1
 and ranged from 
9.9 to 13 m
2
 ha
-1 
across sites while the open canopy mangroves had 5.25 ± 2.2 m
2
 ha
-
1 
and ranged from 1.6 to 11.9 m
2
 ha
-1
 from one site to another. The coconut 
plantation’s basal area was 3.23 ± 0.8 m2 ha-1 while it was only 0.01 ± 0.01 m2 ha-1 
in the abandoned aquaculture site (Table 4.2). Furthermore, the wood density values 
of DWD were almost similar in fine, small and medium size classes and was highest 
in large woody debris class (0.63 ± 0.03 g cm
-3
; Table 4.3). The quadratic mean 
diameter values for fine, small and medium woody debris were computed as 0.45 
cm, 1.37 cm and 4.61 cm, respectively.  
 
Table 4.2. Dominant species and structural diversity in mangrove forest and 
replacement land uses of mangroves in Honda Bay, Palawan, Philippines 
Land use/site 
Tree density  
Basal 
Area* Dominant 
 
(Individuals 
ha-1*) (m2 ha-1) Species 
Closed canopy mangrove 
  
   Bacungan 1,890 +312 9.9 +1.1 Rhizophora apiculata 
   Santa Cruz 1,429  +104 11.5 +0.7 R. mucronata 
   Salvacion 1,544 +200 13 + 3 R. apiculata 
Open canopy mangrove 
  
   Tagburos 1 772 +136 1.6 +0.7 R. apiculata 
   Santa Lourdes 963 +171 11.9 +8.5 R. apiculata 
   San Jose 1 859 +210 4.4 +1.1 Ceriops tagal 
Abandoned aquaculture pond 
  
   San Jose 2 0 +0.0 0.0 +0.0 None 
   Tagburos 2 0 +0.0 0.0 +0.0 None 
   Tagburos 3 119 +76 0.03 +0.02 R. apiculata 
Coconut plantation 
  
   Tagburos 4 346 +32 3.2 +0.8 Cocos nucifera 
Abandoned Salt pond 
  
   Tagburos 5 0 + 0.0 0.0 +0.0 none 
Cleared mangrove 
  
   San Jose 3 0 +0.0 0.0 +0.0 none 
*data are mean ± standard error 
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Table 4.3. Mean diameter and wood density of DWD of mangroves in Honda Bay, 
Palawan, Philippines 
Size class diameter 
(cm) 
Mean 
diameter 
(cm)* 
Quadratic mean 
diameter (cm) 
No. of 
pieces 
measured 
Wood 
density 
(g/cc)* 
No. of pieces 
measured 
Fine (<0.6) 0.44 +0.02 0.45 62 0.46 +0.01 93 
Small (0.6-2.5) 1.29 +0.06 1.37 64 0.47 +0.01 81 
Medium (2.5-7.6) 4.33 + 0.45 4.61 13 0.46 +0.05 17 
Large (>7.6)    0.63 +0.03 38 
*data are mean +standard error     
 
4.4.1   Biomass 
Among mangrove sites, AGB and BGB of closed canopy mangroves were 
99.7 ± 5.1 Mg ha-
1 
and 50.1 ± 4.5 Mg ha
-1
, respectively and were significantly higher 
than open canopy mangroves that had only 27.4 ± 7.3 Mg ha
-1
 and 15.1±4.5 Mg ha
-1
, 
in that order (p < 0.001). However, their downed woody debris biomass (DWB) were 
not significantly different (p > 0.05), with 8.5 ± 2.3 Mg ha
-1
 in closed mangrove 
forests and 6.9 ± 3.2 Mg ha
-1 
in open canopy mangroves (Table 4.4). In sum, the total 
biomass (AGB + BGB + DWB) stock of closed canopy mangrove was 158.4 ± 13.3 
Mg ha
-1 
and was significantly higher than open canopy mangrove (68.8 Mg ha
-1 
± 
8.9; p <0.05). Among the three closed canopy mangroves, there were no significant 
differences in the biomass stocks, be it within the AGB (p > 0.7), BGB (p > 0.4), 
DWB (p > 0.07) and total biomass (p >0.5). Similarly, there were no significant 
differences among open canopy sites, except for the DWB where site 2 was 
significantly higher than the site 1 and site 3 (p < 0.05).  
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Table 4.4. Biomass stock density (Mg ha
-1
 ± standard error) of mangroves and 
their non-forest competing land uses in Honda Bay, Palawan, Philippines  
Land use/site AGB BGB 
 
DWB 
Closed canopy mangrove 
  
 
   Bacungan 89.66+15 43.25+6 6.44 + 1 
   Santa Cruz 103.29+8 48.42+3 6.03 +1 
`  Salvacion 106.20+ 20 58.67+14 13.26 +3 
   mean 99.72+5 50.11+4 8.58 +2 
Open canopy mangrove 
  
 
  Tagburos 1 13.20+6 6.72+3 2.45 +1 
   Santa Lourdes 37.49+14 22.01+10 13.13 +2 
   San Jose 1 31.65+8 16.68+5 5.22 +2 
   mean 27.44+7 15.13+5 6.93 +3 
Abandoned aquaculture pond 
 
 
   San Jose 2 0 0 0 
   Tagburos 2 0 0 0 
   Tagburos 3 0.11+0 0.08 +0 0.07 +0 
   mean 0.04 +0 0.03 +0 0.02 +0 
Coconut plantation 
  
 
   Tagburos 4/mean  11.36+3 0.60+0 0 
AGB = aboveground biomass   BGB = belowground biomass DWB = downed woody debris biomass 
biomass of Abandoned salt pond and Cleared mangrove are zero and not included in the table.  
 
In closed canopy mangroves, the biomass generally increases from seaward 
to landward where fringe/seaward transects were lower than the interior ones in all of 
AGB, BGB, DWB and total biomass (Figure 4.6). For example, the AGB in seaward 
transect was lower (79.6 Mg ha
-1
) as compared to 102.2 Mg ha
-1
 and 117.3 Mg ha
-1
 
in the interior and landward transects. However, the difference was not significant 
for all the biomass components (p >0.2). This trend was less clear in open canopy 
mangrove where the seaward transects were generally higher than the landward 
transect. However, the difference between the biomass in seaward transects and the 
interior ones were also not significant (p > 0.08). Also, about 78 % of DWB in 
closed canopy mangroves were from large and medium size classes. The same was 
true for open canopy mangrove where the mass of fine class debris was only 2 % of 
the total while the large and medium debris contributed 80 % to the biomass (Table 
4.3). Non-significant relationships were also found between DWB and AGB in both 
closed canopy mangrove forest (r = -0.21, p = 0.30) and open canopy forest (r = 
0.32, p = 0.13), and even from the pooled data (r = 0.23, p = 0.10).  
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Figure 4.6 Variation in biomass stock along geomorphic/tidal position: 
 Closed canopy mangrove (above) and Open canopy mangrove (below) 
 
 
In contrast, the total biomass of non-forest competing land uses of mangroves 
was negligible to low and ranged from zero to 0.26 Mg ha
-1
 in abandoned 
aquaculture pond and 11.9 to 12 Mg ha
-1
 in coconut plantation (Table 4.4). There 
were no DWB sampled in the coconut plantation, the abandoned salt pond and the 
cleared mangrove site while the abandoned aquaculture ponds had only 0.02 Mg ha
-1
.  
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4.4.2   Biomass carbon stock  
The total biomass C stock of closed mangrove forest was 71.7 ± 5.9 MgC ha
-1
 
(range: 63.12 to 80.48 MgC ha
-1
) and was higher than the open canopy mangrove 
forest (mean: 21.2±3.9 MgC ha
-1
; range: 10.18 to 33.14 MgC ha
-1
; p < 0.05; Figure 
4.7). In mangrove forests, the contribution of AGB, BGB and DWB to the total 
biomass C stock (47.94±5.1 MgC ha
-1
) was 63%, 27% and 10%, respectively. Also, 
biomass C stock in mangrove forests generally increased from seaward to landward. 
In contrast, the total biomass C stock in the coconut plantation was only 5.7±1.5 
MgC ha
-1 
while the abandoned aquaculture pond had only 0.12±0.1 MgC ha
-1
. C 
losses in biomass  (difference in biomass C stocks of mangrove forests and 
replacement land uses) were 46.5 Mg C ha
-1
, on average or about 97% decline in 
biomass C stock arising from mangrove conversion. 
 
Figure 4.7 Total biomass C stock of mangroves (± standard error) and their 
competing land uses in Honda Bay, Palawan, Philippines. Biomass in 
Abandoned aquaculture pond sites 1 and 2, Abandoned salt pond and 
cleared mangroves are zero and not included in the graph.  
4.4.3  Canopy biophysical variables 
The Leaf Area Index (LAI) across all mangrove sites was 1.48±0.13. The 
LAI of closed canopy mangroves (mean: 2.24 ± 0.1; range: 1.53 to 2.71) was higher 
than the open canopy mangroves (mean: 0.62 ± 0.1; range: 0.05 to 1.79). The 
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coconut plantation’s LAI was only 0.26 ±0.1. Furthermore, the canopy gap fraction 
of closed mangrove forests was only 0.14 ± 0.01 (range: 0.09 to 0.26) while the open 
canopy mangroves had 0.64 ± 0.1 or 0.38 ± 0.04 for the whole mangroves. The 
coconut plantation’s canopy gap fraction was 0.79 ± 0.0.04 (range: 0.09 to 0.97).   
4.4.4   Relationship of total biomass carbon stock with canopy 
variables 
Leaf Area Index was significantly correlated with biomass C stock (r = 0.67). 
The correlation of canopy gap fraction with mangrove biomass C stock was also 
significant (r = -0.65, Figure 4.8).  
 
Figure 4.8 Scatter plot of canopy biophysical variables in relation to 
mangrove (pooled) biomass C stocks 
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4.5  Discussion 
The study demonstrated the available biomass and C stocks in mangroves as 
compared to the land uses that replaced them in the coast of Honda Bay. The results 
also indicate the significant difference of these attributes between mangroves and the 
land uses that replaced them.  
4.5.1  Biomass and C stocks of mangroves and land uses that 
replaced them  
The biomass C stocks of land uses that replaced mangroves were 97%, on 
average, less than that of mangrove forests. The mean C stock of mangroves in this 
study was 71.7 Mg C ha
-1
 for closed canopy mangroves and 22.5 Mg C ha
-1
 for open 
canopy mangroves as compared to only 5.7 Mg C ha
-1
 for coconut plantation and 
zero to 0.04 Mg C ha
-1
 for abandoned aquaculture ponds, salt ponds and cleared 
mangrove site. The loss in mangrove biomass (along with the stored C) due to 
conversion is a significant amount considering the role of mangroves in global C 
cycling, maintaining C balance, nutrient cycling, aesthetic and recreation, as habitat 
for plants and animals,  maintenance of biodiversity, storm and  flood protection and 
regulation of water quality. These benefits are in addition to the provision of 
products (fuel wood, construction material, food, etc.) in the coastal zone.  
The closed canopy mangroves in this study were not old-growth, but the 
mean C stocks from biomass of non-forest land uses studied were at most 8 % only 
of C stocks of closed canopy mangroves. In Mexico, the C stock from biomass of 
pasture was only 9 % of C stocks of mangroves that they replaced (138 versus 12 Mg 
C ha
-1
; Kauffman et al. 2016).  A similar trend was reported in the Dominican 
Republic (Kauffman et al. 2013) and India (Bhomia et al. 2016) from an abandoned 
aquaculture pond which had negligible biomass C stock as compared to the 
mangrove in their vicinity (10 to 161 Mg C ha
-1
 and 65-100 Mg C ha
-1
, respectively).  
Also, this study had also shown that the C stock of open canopy mangrove 
forest was 69 % lower than closed canopy mangrove forest (71.7 versus 22.5 Mg C 
ha
-1
), which could indicate a form of forest C degradation by 49.2 Mg C ha
-1
. 
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Biomass C stock data from Kauffman et al. (2016) showed that potential emissions 
due to biomass loss from converting mangroves to pasture could be 462 Mg CO2e ha
-
1
 as well as 37 to 591 Mg CO2e ha
-1
 for converting mangroves to shrimp ponds 
(Kauffman et al. 2013) using stock change approach (or difference in C stocks 
between intact mangrove forest and deforested mangrove). The results from this 
study suggest that deforesting mangrove forest and converting them to non-forest 
land uses such as aquaculture, coconut plantation or cleared mangrove could result in 
the emission of 82 to 263 Mg CO2e ha
-1
 from biomass C losses alone using the same 
approach, consistent with the reports of Kauffman et al. (2013) and Kauffman et al. 
(2016).   
The closed canopy mangroves in this study generally had low stem diameters 
(<10 cm) indicative of being second-growth forests. Indeed, one of the closed canopy 
stands that were measured (i.e. Bacungan mangrove) was once commercially logged 
during the 1980s (Ismael Ibañez, pers. com.) and since then were allowed to regrow 
while being protected by the community. This stand is probably one of the common 
types of closed canopy mangroves that are now being degraded into open canopy 
forests due to biomass harvesting or being deforested for non-forest uses in some 
cases. Old-growth mangrove stands are now very rare in the Philippines due to 
rampant harvesting and massive conversion in the past.  
The aboveground and belowground biomass carbon of the closed mangrove 
forests and open canopy mangrove forests reported here (59.9 to 73.9 Mg C ha
-1
 and 
8.9 to 26.6 Mg C ha
-1
, respectively)
 
are within the range of values reported for 
Philippine mangroves (Abino et al. 2013; Salmo et al. 2013) and in IPCC (2014c). 
However, the biomass C stock of closed canopy mangrove reported here is 3 to 6 
times lower than the biomass C stock value reported by Murdiyarso et al. (2015) for 
mangroves in Indonesia and those reported by Donato et al. (2011) in Kosrae and 
Kauffman et al. (2011) in Yap, Micronesia and Stringer et al. (2015) in Zambezi 
River delta, Mozambique in Africa (Table 4.5). Those workers had measured 
primary forests, thus the difference. The lowest tree biomass carbon value in open 
canopy mangrove forest reported here is similar to Cilacap mangrove in Java, also 
the lowest among the mangrove stands reported by Murdiyarso et al. (2015) in 
Indonesia. Variation in biomass was said to be due to the differences in 
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anthropogenic influence, stand age, composition, climate and geomorphology, 
among many other factors (Bouillon et al. 2008; Alongi 2012, 2014). In addition, the 
result of this study shows a general increase in biomass from sea edge to landward. 
This is consistent with the known inverse relationship of biomass and salinity as 
documented in a number of mangrove studies (e.g.(Kauffman et al. 2011; Wang et al. 
2014).  
The DWB C stock of mangroves in this study (1.23 Mg C ha
-1
 to 6.63 Mg C 
ha
-1
)  is within the range of values reported from previous studies in mangroves (e.g. 
(Allen et al. 2000; Adame et al. 2013; Stringer et al. 2015; Kauffman et al. 2016). In 
terms of biomass, this is on the range of 6.9 to 8.5 tonnes per hectare of mangrove 
forest (Table 4.4). The result indicates another importance of retaining a mangrove 
forest. This is in terms of providing that much amount of downed woody debris 
biomass per hectare of mangrove forest that can serve as habitat for mangrove 
invertebrates aside from being a significant storage of sequestered atmospheric C. 
The mean diameter, quadratic mean diameter and wood density values in each DWB 
size class generated from this study can serve as reference in estimating the downed 
woody debris mass of other mangrove stands in the country with similar conditions.  
The lack of significant relationships between DWBs and AGB in both types 
of mangrove forests studied (r = -0.21, p =0.30 for closed mangrove forest; r = 0.32, 
p =0.13 for open mangrove forest) is similar to the findings of Allen et al. (2000) 
who also found no relationship between standing wood and downed wood volume in 
Micronesian mangrove stands. This suggests that DWD cannot be accurately 
estimated on the basis of aboveground biomass alone. Furthermore, the C stocks 
from total biomass of competing land uses of mangroves in this study are very low as 
compared to the C stocks of mangroves that they replaced, similar to the results 
obtained by Kauffman et al. (2013) and Kauffman et al. (2016) in Latin America. 
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Table 4.5. Biomass carbon (C) stocks of natural mangrove stands from recent studies 
that simultaneously reported AGB, BGB and DWB C stocks 
Location Dominant Species AGB C stock (Mg 
C ha
-1
) 
BGB C stock (Mg 
C ha
-1
) 
DWB C 
stock (Mg 
C ha
-1
) 
Reference 
Asia-Pacific Honda Bay, Palawan, 
Philippines (Bacungan, 
mangrove) 
Rhizophora 
apiculata 
43.04 16.87 3.22 This study 
Honda Bay, Palawan, 
Philippines (Santa Cruz 
closed canopy mangrove)  
Rhizophora 
mucronata 
49.58 18.88 3.01 This study 
Honda Bay, Palawan, 
Philippines (Salvacion closed 
canopy mangrove)  
Rhizophora 
apiculata 
50.97 22.88 6.63 This study 
Honda Bay, Palawan, 
Philippines (Tagburos open 
canopy mangrove)   
Rhizophora 
apiculata 
6.3 2.6 1.2 This study 
Honda Bay, Palawan, 
Philippines (Santa Loudes 
open canopy mangrove) 
Rhizophora 
apiculata 
18.0 8.6 6.6 This study 
Honda Bay, Palawan, 
Philippines (San Jose open 
canopy mangrove) 
Ceriops tagal 15.9 6.5 2.6 This study 
Cilacap, Java, Indonesia 
(disturbed stand) 
Sonneratia alba 6.9 2.5 11.8 Murdiyarso et al. 
(2015) 
Sembilang, Sumatra, 
Indonesia 
Rhizophora 
apiculata; 
Bruguiera 
gymnorrhiza 
300.5 27.9 11.3 Murdiyarso et al. 
(2015) 
Kubu Raya, Kalimantan, 
Indonesia 
R. apiculata 134.8 14.3 24.2 Murdiyarso et al. 
(2015) 
Tanjung Putting, Kalimantan, 
Indonesia 
R. apiculata 140.9 21.3 18.6 Murdiyarso et al. 
(2015) 
Bunaken, Sulawesi, Indonesia R. mucronata 69.2 14.9 42.7 Murdiyarso et al. 
(2015) 
Bintuni, West Papua, 
Indonesia 
B. gymnorrhiza 323.6 43.6 14.8 Murdiyarso et al. 
(2015) 
 Mekong Delta, Vietnam  Avicennia sp. 102.7 34.7 ~1.7  Tue et al. (2014) 
Borneo Rhizophora-
Bruguiera 
67.1 22.4 11.2 Donato et al. 
(2014) 
Borneo Rhizophora sp. 178.7 61.9 17.9 Donato et al. 
(2011) 
Sundarbans, Bangladesh Heritiera-
Excoecaria 
79.7 42.9 4.1 Donato et al. 
(2011) 
Kosrae Sonneratia-
Bruguiera 
242.5 203.7 7.6 Donato et al. 
(2011) 
Airai, Palau Rhizophora sp.  104.4 80 14.8  Kauffman et al. 
(2011) 
 Yap, Micronesia  Sonneratia alba 169.2 144 21.6  Kauffman et al. 
(2011) 
America Pantanos de Centla. Mexico R. mangle 125.3 42.7 12 Kauffman et al. 
(2016) 
Pantanos de Centla. Mexico R. mangle-
Lumnitzera 
racemosa 
118 57 
 
21 Kauffman et al. 
(2016) 
 Montecristi, Dominican 
Republic 
 Rhizophora mangle 
Tall mangrove 
125 46 
 
12  Kauffman et al. 
(2013) 
 Montecristi, Dominican 
Republic 
 Rhizophora mangle 
Medium mangrove 
27.6 18.2 1.5 Kauffman et al. 
(2013) 
Quitana Roo, Mexico  Rhizophora mangle 
Tall mangrove 
77.1 59.2 11.8  Adame et al. 
(2013) 
Quitana Roo, Mexico  Rhizophora mangle 
Medium mangrove 
52.6 29.2 4.9  Adame et al. 
(2013) 
Zambezi River delta, 
Mozambique 
Xylocarpus 
granatum-Avicennia 
marina 
68.5 
 
23.8 6.7 (Stringer et al. 
2015) 
Africa Zambezi River delta, 
Mozambique 
Xylocarpus 
granatum-Avicennia 
marina 
255.3 
 
72.8 12.5 Stringer et al. 
(2015) 
Beira City, Mozambique Avicennia marina 29.7 25.2 0.13 (Sitoe et al. 
2014) 
AGB = Aboveground biomass    Belowground biomass  DWB = Downed woody debris biomass 
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This study has demonstrated that biomass C stocks vary substantially 
between mangrove forests and land uses that competed and replaced them. Despite 
its importance, few studies have looked into the factors that correlate with the 
variability of biomass C stocks in mangrove and their competing land uses. Canopy 
variable especially LAI also correlate strongly with the biomass C stocks of 
mangrove. This is an important information since LAI can be derived from satellite 
imagery using the biophysical variable processor based on PROSAIL algorithm 
(Jacquemoud et al. 2009) which is available in SNAP (Sentinels Application 
Platform) software (SNAP 2016). This means that the LAI map derived from satellite 
imagery could be calibrated from the LAI measurements in the field and 
related/regressed to plot biomass to generate a biomass map. Dusseux et al. (2015) 
used the relationship of field biomass and LAI derived from satellite imagery to map 
the grassland biomass in France. The same LAI-based biomass map could be done 
for mangrove forest and the replacement land uses in this study.  
4.5.2  Implications for management and conservation 
The results suggest that if proper protection is afforded to existing stands of 
mangroves, the open as well as the young closed canopy stands that were studied can 
be managed to potentially store an additional carbon of up to at least  284 Mg C ha
-1
 
(~1,042 Mg CO2e ha
-1
), assuming they can attain the biomass C stock of the old-
growth mangrove measured by Abino et al. (2014) in nearby Ulugan Bay (~356 Mg 
C ha
-1
). Reforesting abandoned aquaculture pond, abandoned salt pond, cleared 
mangroves and coconut plantation could each sequester and store 264 to 1,307 Mg 
CO2e ha
-1 
by early stage (~25 years) to late mature stage stands (>30 years), 
respectively. This suggests that proper financial incentives should be made to 
encourage land owners to protect their mangroves and revert the land use back to the 
mangrove forest.  
Reducing emissions from deforestation, forest degradation, and other 
activities that enhance C stocks (REDD+), as well as other result-based schemes, are 
strategies that give monetary incentives for reducing deforestation and biomass 
removal, for not converting forests to agriculture, and conservation of carbon to 
mitigate climate change, among others. REDD+ could increase C stocks (Pandey et 
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al. 2014), deliver livelihood benefits (Pandey et al. 2016) and be a significant source 
of C financing for forestry projects in developing countries (Lasco et al. 2013). In the 
case of REDD+, the rate of mangrove deforestation in the Philippines, as in other 
countries, has been slowing down (FAO 2010) and so the country stand to gain 
carbon credits much from reducing forest degradation and enhancement of C stocks, 
similar to terrestrial forests in the country (Lasco et al. 2013). Unfortunately, there is 
much less information on the extent of forest degradation in many countries, 
especially for mangroves. This suggests that more studies should be done on the 
topic to generate more data and information for policy and decision-making.  
The study results suggest that the potential C emission from degrading an 
intact, closed-canopy mangrove forest into open canopy forest could be at least 182 
Mg CO2e ha
-1
. The reduction in biomass C stocks is about 68%, which is consistent 
albeit higher than the findings of Lasco et al. (2013) on logging operations in the 
southern Philippines. In that site, logging removed up to 50% of total biomass and 
yet the site logged is still classified as forest based on definition which is a land with 
an area of more than 0.5 ha and more than 10% tree crown cover (FMB 2014).  
In 2010, the mangrove forest cover in the Philippines was 240,824 ha (Long 
et al. 2013). Data of the annual rate of forest degradation in mangrove areas of the 
country is not available. However, the data shows that the difference in biomass C 
stocks of secondary closed canopy mangrove forest and open canopy mangrove 
forest is 49 Mg C ha
-1 
or 179.8 CO2e Mg ha
-1
 (i.e. 68% loss in biomass C stock, 71.7 
vs 22.5 Mg C ha
-1
). If we assume that the open canopy forests in this study were still 
closed canopy 20 years ago, then we can estimate that C emission from degrading 
secondary closed canopy mangrove forest to open canopy forest could be 8.9 Mg 
CO2e ha
-1
 year
-1
 or about 3.4% reduction every year. The next question to ask is how 
many hectares of closed canopy mangroves are degraded to open canopy every year? 
While the practice is being done for terrestrial forests, this is an important research 
gap at the moment highlighting the need for mapping closed canopy and open 
canopy mangrove forests in the country. Closed canopy terrestrial forests in the 
Philippines shrunk from 2,560,872 ha in 2003 (FMB 2005) to 1,934,032 ha in 2010 
(FMB 2014). This is 24.5% reduction in the span of seven years which is about 3.5% 
annually, similar to the assumption for mangroves of 3.4% annually. However, C 
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emissions from forest degradation are not included in GHG inventories for use in 
national communications such as in the Philippines, which can grossly underestimate 
forest C emissions (Lasco et al. 2013).  
This study contributes to better understanding of biomass and C stocks of 
mangrove and the non-forest land uses that replaced them. The results could also 
serve as input for use in higher tiers (Tier 2 and Tier 3) GHG inventory reporting in 
wetlands as well as in refining regional and global mangrove biomass estimates.  
4.6  Conclusion 
Aboveground biomass, BGB and DWB and their C stocks are significantly 
high relative to non-forest land uses that replaced mangroves that were studied. This 
underscores the need for more active forest protection in the management of the 
country’s mangrove forest and the need for financial incentives to landowners and 
managers to not convert the mangrove forests to agriculture/aquaculture. There is 
also a need for distinguishing and mapping closed and open canopy mangrove 
stands, similar to what is being done to their terrestrial forest counterparts, to 
facilitate monitoring and a better understanding of forest degradation in mangrove 
forests. The relationship that exists between biomass and LAI could be used to 
pursue and evaluate biomass mapping in mangroves as LAI could be generated using 
satellite optical imagery. It is argued that mangroves are good in biomass production, 
and C sequestration and storage only when they are not converted into some other 
land uses. Mangroves should, therefore, be managed and protected to maximise its 
role in global C cycling, in the maintenance of coastal biodiversity and in providing 
wood products to the local community.  
In the next Chapter, Chapter 5, the retrieval and mapping of aboveground 
biomass in mangrove area using the new Sentinel-1 Synthetic Aperture Radar and 
Sentinel-2 multispectral imagery are presented.  
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Chapter 5 
ESTIMATION AND MAPPING  OF ABOVEGROUND 
BIOMASS OF MANGROVE FORESTS AND THEIR 
REPLACEMENT LAND USES USING SENTINEL IMAGERY 
5.1  Introduction 
The previous Chapter, Chapter 4, quantified the biomass in mangrove and 
replacement land uses using geographically referenced plots. Correlation analysis in 
Chapter 4 also revealed that field biomass is related to Leaf Area Index. As 
mentioned in Chapter 2,  relating field plots biomass data with satellite imagery data 
would allow the possible retrieval and predictive mapping of biomass in larger 
geographic scales. The recent launches of Sentinel-1 and Sentinel-2 satellite missions 
of the European Space Agency (ESA) offer enormous new-generation imagery data 
in the present and coming years. While literature are growing on the use of Sentinel-
1 and Sentinel-2 imagery data, their applications for biomass estimation and mapping 
of mangrove forests and other land uses in the tropical coasts are still not reported in 
the literature. 
In this study, the potential of Sentinel-1 and Sentinel-2 imagery data for the 
retrieval and predictive mapping of aboveground biomass of mangroves and the 
associated replacement land uses in a coastal area in the tropics were evaluated. The 
specific objectives of the study were the following: 1) to determine and model the 
relationship between field-measured aboveground biomass and Sentinel-1 SAR 
backscatter coefficients and Sentinel-2 multispectral reflectance from mangrove 
forest and replacement non-forest land uses, 2) to evaluate the accuracy of the 
biomass prediction models, and 3) to evaluate the accuracy of the output predictive 
biomass maps. The aboveground biomass models and predictive maps derived from 
Sentinel-1 SAR imagery, Sentinel-2 multispectral bands, Sentinel-2-derived 
vegetation indices (e.g. NDVI) and Sentinel-2-derived vegetation biophysical 
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variables (e.g. LAI) were developed and evaluated. This study attempted to 
contribute in developing remote sensing-based biomass predictive mapping 
techniques for mangrove area. It is a pioneering study that utilised Sentinel imagery 
for biomass modelling and mapping of mangrove forests and non-forest land uses 
that replaced mangroves in tropical areas. 
This Chapter is organised in six sections. Section 1 enumerates the objectives 
of the Chapter, while Section 2 discusses the background literature and previous 
works and research gaps on using satellite data for mapping biomass in mangrove 
area. Section 3 describes the Methods that were used to achieve the objectives of the 
Chapter. Section 4 presents the results of the correlation and regression analyses 
between field biomass and Sentinel-1 and Sentinel-2 imagery data, as well as the 
evaluation and validation of the biomass models and the predictive biomass maps 
generated by the study. Section 5 discusses and interprets the results in lieu of the 
objectives and research gaps identified in Section 2. The Chapter concludes in 
Section 6 with implications of the results and recommendations for future studies.  
This study is the first to report the application of Sentinel-1 and Sentinel-2 
imagery data in the retrieval and predictive mapping of aboveground biomass of 
mangroves and their replacement land uses in the tropics.  
5.2  Satellite remote sensing-based mapping of mangrove 
biomass 
Mangroves are an important coastal resource in the tropics. They provide 
many ecosystem goods and services including the provision of wood for construction 
and fuel, habitat of coastal fauna and nursery of juvenile marine organisms, carbon 
(C) storage in biomass and soil, protection from strong winds during typhoons and 
coastal erosion mitigation (Alongi 2009; Donato et al. 2011). However, there have 
been large reduction in the global mangrove forest cover due to conversion to non-
forest land uses such as aquaculture, perennial agriculture and clearing for human 
settlement (FAO 2007). This is especially true in tropical Southeast Asia where more 
than 100,000 ha of mangroves were deforested and converted to other land uses 
during the last 15 years, notably for aquaculture and agriculture (Richards & Friess 
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2016). It is crucial, therefore, to monitor the mangroves against land use change and 
forest degradation.  
Empirical studies that quantify the carbon stocks of mangroves and the land 
uses that replaced them are needed in order to provide emission estimates based on 
actual measures of carbon stocks and reduce uncertainty of estimates. In addition, 
climate mitigation programs such as Reducing Emissions from Deforestation and 
Forest Degradation and other activities that increase C stocks (REDD+) are being 
proposed to prevent large emissions from deforestation and forest degradation in the 
tropics. These programs will require accurate assessment and mapping to establish 
the baseline biomass and C stocks against which to monitor future changes 
(Maraseni et al. 2005). Integrated coastal management would also require relevant 
maps such as biomass maps for better planning and decision-making.  
Aboveground biomass is one of the important carbon pools in mangrove 
ecosystem (Kauffman & Donato 2012; Howard et al. 2014). There has been a 
growing body of literature on mangrove biomass and their carbon stocks (e.g.(Ong et 
al. 2004; Komiyama et al. 2005; Kauffman & Cole 2010; Murdiyarso et al. 2010; 
Donato et al. 2011; Abino et al. 2013; Abino et al. 2014; Hossain 2014; Sitoe et al. 
2014; Tue et al. 2014; Phang et al. 2015; Stringer et al. 2015; Vien et al. 2016). 
However, only a few studies have quantified biomass and carbon stock of mangrove 
forest side by side their replacement land uses such as aquaculture pond (Kauffman 
et al. 2013; Bhomia et al. 2016; Duncan et al. 2016) and cattle pastures (Kauffman et 
al. 2016). Such studies could help in quantifying the differences in carbon stock and 
hence the emission from conversion (Maraseni et al. 2008). These studies, however, 
have utilised field plots to estimate biomass and infer the stock for the whole study 
site. This approach is sufficient only for a few hectares, but costly and slow if 
implemented over large areas.  It is difficult to implement in remote and treacherous 
portions in a larger landscape. The use of satellite remote sensing techniques offers 
cost and time advantages in implementing large-scale biomass assessment. For this 
approach, remote sensing-based biomass assessment utilises the relationships 
between field-measured biomass data, imagery and other thematic maps to develop 
models that predict biomass in different locations of the study site. The outcome of 
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remote sensing-based biomass estimation is a spatially-explicit pattern of the total 
aboveground biomass and its variations for the entire area (Samalca 2007).  
Satellite image-based biomass prediction models can be derived from radar 
backscatter polarisations, multispectral bands, vegetation index [e.g. Normalised 
Difference Vegetation Index (NDVI)], and vegetation cover biophysical variables 
[e.g. Leaf Area Index (LAI)]. These models can be developed with or without 
ancillary thematic map data such as elevation (Lu et al. 2004; Simard et al. 2006; 
Fatoyinbo et al. 2008; Kumar et al. 2012; Jachowski et al. 2013; Dusseux et al. 
2015). In the tropics, however, during the rainy season where clouds are persistent, 
the use of multispectral image is challenging. In contrast, data from space-borne 
synthetic aperture radar (SAR) sensors are independent of daytime and weather 
conditions and can provide valuable data for the monitoring of land cover. 
Previous satellite remote sensing-based biomass retrieval and mapping 
studies in coastal areas have dealt mostly on mangrove forest alone (e.g.(Simard et 
al. 2006; Proisy et al. 2007; Fatoyinbo et al. 2008; Jachowski et al. 2013; Aslan et al. 
2016), and did not cover the land uses that replaced mangroves. This gap could be an 
important basis for productivity quantification and comparison with original land 
use. Simard et al. (2006) utilised the Shuttle Radar Topography Mission (SRTM) 
elevation data to map the height of mangroves in the Everglades using linear 
regression with field data, and used that mangrove height map and a local mangrove 
tree height-biomass equation to eventually map the biomass of mangroves therein. 
Proisy et al. (2007) used high-resolution IKONOS imagery and field data, and 
employed Fourier-based textural ordination from canopy grain analysis to model and 
map the mangrove biomass in French Guiana. Fatoyinbo et al. (2008) also used 
STRM elevation data and field data to map the mangrove height in Mozambique 
using linear regression and applied a general mangrove height-biomass equation to 
map the mangrove biomass in the area. In contrast, Jachowski et al. (2013) made use 
of high-resolution GeoEye-1 imagery and field data to estimate and map the biomass 
mangroves in Thailand using a suite of machine learning algorithm. Aslan et al. 
(2016) also used SRTM elevation and field data to map the mangrove height in 
Indonesia using linear regression, but utilised non-linear quartile regression to 
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generate map of mangrove biomass in the area using the mangrove height map and 
field biomass.  
The recent launch of the new-generation Sentinel-1 (SAR) and Sentinel-2 
(multispectral) satellite missions of the Copernicus program of the European Space 
Station is expected to provide new capabilities for monitoring and mapping of 
biomass in the coastal zone of the tropics. In contrast to other space-borne SAR 
sensors, Sentinel-1 provides radar imagery with HH+HV or VV+VH polarisations 
(C-band) in 250 km swath width and 10 m pixel size for interferometric wide swath 
acquisition mode (Sentinel-1_Team 2013). Likewise, compared to other optical 
sensors, the Sentinel-2 offers 13 multispectral bands including four vegetation red 
edge bands and two infrared bands at 20 m resolution, in addition to visible and near 
infrared bands in 10 m resolution and 100 km swath width (Sentinel-2_Team 2015).  
These imagery have high temporal resolution (every 6 and 5 days for twin satellites, 
respectively) and are freely accessible which could benefit developing countries in 
the tropics. However, the retrieval and mapping of biomass of mangrove forest and 
land uses that replaced them from data acquired by these newly launched 
multispectral and SAR instruments onboard the Sentinel-1 and Sentinel-2 satellite 
missions have not been reported in the scientific literature. Therefore, pioneering 
studies are needed to assess these new-generation satellite imagery.  
5.3  Methods 
5.3.1  Study site  
The study site is situated on the southern coast of Honda Bay within the 
administrative jurisdiction of Puerto Princesa City in the island province of Palawan, 
Philippines.  The southern coast of Honda Bay is presently a mosaic of a long band 
of mangrove forests interrupted by non-forest land uses such as agriculture, 
aquaculture, and built-up areas/settlements. The study site has an area of 2,749 ha, of 
which ca. 1,216 ha is covered by mangrove forests. The mangrove forests in the area 
are dominated mostly by the genus Rhizophora and are extensive in the northern part 
of the study site. They can generally be classified as either closed canopy and open 
canopy stands. The former are dense, intact mangrove vegetation, with no significant 
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open spaces or gaps inside, and are located mostly in areas far from roads and built-
up areas. The open canopy mangroves, on the other hand, have open spaces, with 
lower tree density, with fresh stumps and cut branches. In contrast, the non-forest 
land uses were historically occupied by mangroves prior to their conversion. The 
aquaculture ponds and salt ponds were mangrove forests until they were cleared in 
the early 1990s and were in operation until their abandonments in the early 2000s. 
The coconut plantation is a 20-year-old stand planted at the back of an open canopy 
mangrove forest and not actively managed as evidenced by the proliferation of dried 
leaves and fruits. The cleared mangrove is a deforested mangrove area that was 
gradually cleared from 2005 to 2008 but remained unutilised. The full details of the 
study site are described in Chapter 3. 
5.3.2  Field data  
The results of biomass estimation in Chapter 4 were used in this study. The 
data was gathered from five coastal land uses, i.e. mangrove forest (closed canopy 
and open canopy), abandoned aquaculture pond, coconut plantation, abandoned salt 
pond, and cleared mangrove. The non-forest land uses were previously occupied by 
mangroves. The whole study site was stratified based on land use. In each land use, 
sites were taken using simple random sampling. The mangrove forests had three sites 
for closed canopy mangroves and three sites for open canopy mangroves. The land 
uses that replaced mangroves had three sites for abandoned aquaculture ponds. 
However, due to access restriction and availability of sites for replication, the 
coconut plantation, salt pond and cleared mangroves have only one site each. 
Circular plots with 7 m in radii, established along line transects, were used in each 
land use to collect plot data necessary to estimate the biomass of each tree in a plot.  
For mangrove forests, three transects were established at each site (except for 
one open canopy mangrove which had only two transects due to thin cover). Each 
transect has three circular plots spaced 50 m apart. For non-forest land uses, two 
transects were established at each site except for salt pond which had three. Each 
transect also had three circular plots established about 25 m apart. At each plot, all 
the measurements (e.g. tree diameter) necessary to do biomass stock accounting were 
undertaken, following the method of Kauffman and Donato (2012). In each plot, 
geographic coordinates were recorded using a Garmin hand-held GPS receiver. In 
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total, 90 plots were established, of which 51 plots were in mangrove forests, 18 plots 
in abandoned aquaculture ponds, nine plots in abandoned salt pond and six plots each 
for coconut and cleared mangrove areas. In each plot, stem diameters of all 
individuals were measured at breast height (1.3 m from the ground) or 30 cm above 
the highest prop root for stilt-rooted species like Rhizophora spp. Allometric 
equations were used to compute for the aboveground biomass of each individual.  
 
Biomass (kg) = 0.251**D2.46 (Equation 5.1) 
Biomass (kg) = 0.186 D
2.31 
(Equation 5.2) 
Biomass (kg) = 0.168D
2.42 
(Equation 5.3) 
Biomass (kg) = 0.235D
2.42
 + Biomassstilt (kg) = 0.0209D
2.55 
(Equation 5.4) 
Biomass (kg) = 0.7854*D
2
*H**1.6 (Equation 5.5) 
 
Equation 5.1, from Komiyama et al. (2005), was used for eight species 
(Aegiceras floridum, Sonneratia alba, Xylocarpus moluccensis, X. granatum, 
Camptostemon philippinense, Ceriops tagal, Heritiera littoralis and Lumnitzera 
racemosa). Equations 5.2 and 5.3 were from Clough and Scott (1989) and were used 
for Bruguiera gymnorrhiza, and B. parviflora and B. sexangula, respectively. 
Equation 5.4  was from Ong et al. (2004) and used for Rhizophora apiculata, R. 
mucronata,  and R. stylosa, while Equation 5.5 was from Brown (1997) and used for 
coconut. 
In summary, the mangrove forests were dominated by Rhizophora apiculata 
and R. mucronata. In the abandoned aquaculture pond, individuals of R. apiculata 
and Ceriops tagal were also encountered. The tree density in the mangroves 
averaged 1,260 trees per hectare. In the land uses that replaced mangroves such as 
coconut, the tree density was only 195 per hectare while it was only 40 trees per 
hectare in aquaculture pond. Trees were absent in both abandoned salt pond and 
cleared mangrove. Furthermore, the aboveground biomass of mangrove was 65.1 Mg 
ha
-1
 (range: 1.1 to 210 Mg ha
-1
). In contrast, the aboveground biomass in the coconut 
plantation was only 11.4 Mg ha
-1
 (range: 0.2 to 19.7 Mg ha
-1
) and 0.07 Mg ha
-1
 
(range: 0.2 to 19.7 Mg ha
-1
) in the abandoned aquaculture pond. Figure 5.1 shows the 
profile of the aboveground biomass in the 90 study plots. Mangroves were in plots 1 
to 51, aquaculture ponds were in plots 52 to 69, coconut plantations were in plots 70 
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to75, salt ponds in plots 76 to 84, and cleared mangroves in plots 85 to 90. Biomass 
in abandoned aquaculture pond ranged from negligible to zero, while there was no 
biomass present in abandoned salt pond and cleared mangrove.  
 
 
Figure 5.1.  Field plots profile of aboveground biomass in the study site. Plots 1 to 51 
are areas covered for mangrove plots, 52 to 69 for abandoned aquaculture pond 
plots, 70 to 75 for coconut plantation plots, 76 to 84 for abandoned salt pond 
plots, and 85 to 90 for cleared mangrove plots 
 
5.3.3  Satellite data collection and pre-processing 
This study used data from Sentinel-1 (Synthetic Aperture Radar) and 
Sentinel-2 (Multispectral) imagery (Figures 5.2 and 5.3) of the European Space 
Station downloaded from the station’s Copernicus Sentinels Scientific Data Hub 
(ESA 2016). The list of Sentinel images used for the study is presented in Table 5.1. 
The acquired Sentinel-1 C-band (5.405 GHz) images were collected in 
Interferometric Wide Swath mode with a swath width of 250 km, of VH (Vertical 
transmit – Horizontal receive) and VV (Vertical transmit – Vertical receive) 
polarisations, and in high-resolution (HR) Level-1 Ground Range Detected (GRD) 
processing level. The images are already multi-looked (5 x 1) and with a pixel size of 
10 m (Sentinel-1_Team 2013). The collected Sentinel-2 imagery, on the other hand, 
is an orthorectified, top-of-atmosphere reflectance (Level 1C), 100 km x 100 km 
image in UTM/WGS84 projection, with 13 spectral bands in the visible, near 
Mangrove  Abandoned 
aquaculture 
pond 
Aban-
doned 
salt 
pond 
Cleared 
mangrove 
Coco-
nut 
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infrared and short-wave infrared regions. The imagery is in 10 m (4 bands), 20 m (6 
bands) and 60 m (3 bands) spatial resolutions. Accordingly, Level-1C product has 
been processed for radiometric and geometric corrections including orthorectification 
and spatial registration on a global reference system (Sentinel-2_Team 2015). In 
addition, elevation data (1-arc second, ~30m) from SRTM product was acquired 
from the United States Geological Service’s Earth Explorer (USGS 2016) for 
inclusion in the analysis of the Sentinel data.  
Table 5.1 List of Sentinel imagery acquired for the study 
Mission Product Observation date Cell size (m) Swath width 
(km) 
Sentinel-1A Level-1GRD-HR October 31, 2015 10 250 
Sentinel-1A Level-1 GRD-HR December 30, 2015 10 250 
Sentinel-1A Level-1 GRD-HR January 11, 2016 10 250 
Sentinel-2A Multispectral 
image Level-1C 
April 11, 2016 10 100 
 
A flowchart of data processing steps used in the study is summarised in Fig. 
2. The software SNAP (Sentinel’s Application Platform) version 4.0 of the European 
Space Agency was used to pre-process the Sentinel-1, Sentinel-2 and elevation data. 
The pre-processing steps for the acquired Sentinel-1 SAR data adopted the Sentinel-1 
Toolbox pre-processing steps described by Veci (2015)  for multi-look SAR image. 
It consisted of 1) image calibration; 2) speckle reduction, and 3) terrain correction. 
Image calibration radiometrically corrects the SAR image pixel value into one that 
represents the radar backscatter of the reflecting surface, as well as correction for 
incidence angle effect and replica pulse power variation. This process converts the 
pixel values of the SAR image into radar intensity backscatter coefficient (Sigma 
naught, o). Furthermore, speckle reduction using Refined Lee Filter was done to 
reduce the speckle effect in the image to allow better backscatter analysis and 
interpretation. Finally, terrain correction was performed using the Range-Doppler 
Terrain Correction to reproject the SAR image into a map projection (Veci 2015; Liu 
2016). 
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Figure 5.2. Sample Sentinel images used in the study. a) Top image: Sentinel-2 multispectral image 
acquired    on April 2016 in false colour composite (RGB = R, NIR, B). Sampling locations were 
zoomed-in to show the number of plots. b) Bottom image: Sentinel-1 SAR image acquired on 
October 2015 (RGB = VV, VH, VV in dB). Yellow and  red dots are sampling plots. Inset maps: 
1. Philippine map showing the relative location of Palawan province (green) with Puerto 
Princesa City at its midsection (beige); 2. Puerto Princesa map showing the Honda Bay area.   
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Figure 5.3 Other Sentinel-1 images used in the study, a) Top image: Sentinel-1 SAR 
image acquired on December 2015.  b) Bottom image: Sentinel-1 SAR image 
acquired on January 2016. In RGB = VV, VH, VV in dB. 
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For the optical Sentinel-2 image, the acquired Level-1C orthorectified, top-
of-atmosphere image was atmospherically corrected and processed to Level-2A 
product to obtain bottom-of-atmosphere corrected reflectance image. This was also 
done in SNAP software using the recent radiative transfer model-based SEN2COR 
atmospheric correction processor (version 2.2.1). The pre-processed Sentinel images, 
as well as the elevation data, were brought into a common map projection (i.e. UTM 
Zone 50 WGS84) and resampled to 10 m pixel size. Subsetting was done each for the 
Sentinel SAR and multispectral images and the SRTM DEM to reduce the image size 
and the processing time, and to cover only the general area along the coast of Honda 
Bay.   
5.3.4  Modelling the relationship between field biomass and satellite 
data  
The Sentinel imagery data were divided into four predictor groups of 
biomass: 1) multi-date SAR raw channels (Figure 5.4), 2) multispectral bands, 3) 
derived Vegetation Indices, and 4) derived biophysical variables. The predictors of 
biomass and their combination used in each group and their brief description are 
given in Table 5.2. Thus, modelling the relationship of Sentinel image data and field 
measured biomass was done in four parts and consisted of four groups (Table 5.2). 
The first part, Group 1 (SAR biomass models), consisted of relating the field data 
with Sentinel SAR polarisation channels (i.e. VH and VV). The SAR biomass 
models included the VH and VV channels for October 2015, December 2015 and 
January 2016 scenes, used singly or in combination with each other and elevation 
data. 
Furthermore, the second part, Group 2 (multispectral band biomass models), 
proceeded with relating the field biomass with Sentinel 2 multispectral bands and 
their combination. The Multispectral band biomass models were composed of the 10 
bands in the visible, near infrared and short wave infrared regions of the 
electromagnetic spectrum, used singly or in combination with other bands, and 
elevation data. The third part, Group 3 (Vegetation index biomass models), involved 
relating the field biomass with Sentinel-2-derived vegetation indices such as 
Normalised Difference Vegetation Index (NDVI), Normalised Difference Index 
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(NDI45), Inverted Red-Edge Chlorophyll Index (IRECI) and Transformed 
Normalised Difference vegetation Index (TNDVI), used singly and in combination 
with elevation. The last part, Group 4 (Biophysical biomasss models) , used Sentinel-
2-derived vegetation cover biophysical variables such as Leaf Area Index (LAI),  
Fraction of Absorbed Photosynthetically Active Radiation (fPAR), Fraction of 
Vegetation Cover (fCover) and Chlorophyll (Chlorophyll content in the leaf) to 
predict the biomass, either singly or in combination with elevation data. 
The Sentinel backscatter and reflectance data were supplemented with 
elevation data from SRTM DEM to assess whether the inclusion of elevation can 
improve the biomass prediction. LAI and other biophysical cover variables (see 
Table 5.2) were also derived in SNAP from its biophysical processor that uses neural 
network algorithm (SNAP 2016) based on PROSAIL radiative transfer model 
(Jacquemoud et al. 2009). The retrieval of these biophysical variables was also done 
for the SPOT image by Dusseux et al. (2015).  
All modelling tasks were implemented using IBM SPSS Statistics version 23 
(IBM, USA) and the Waikato Environment for Knowledge Analysis (WEKA, 
version 3.8.0, The University of Waikato, NZ). The WEKA software is a collection 
of machine learning algorithms (Hall et al. 2009). The models were prepared using 
the entire dataset. The models were first subjected to linear regression, producing 
models with minimum number of predictor variables by eliminating insignificant and 
collinear variables. This process steps through the variables, removing the one with 
the smallest standardised coefficient until no improvement was observed in the 
estimate of the error (as given by the Akaike Information Criterion (AIC)), 
eliminating collinear variable/s. To assess the model performance, a leave-one-out 
approach with 90-fold cross-validation was performed to compute the prediction 
error (Root Mean Square Error; RMSE) and correlation coefficient/agreement (r) 
between the observed and predicted data. In the leave-one-out approach, each sample 
was excluded one by one while the model is trained with the remaining samples to 
predict the excluded sample.  
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Figure 5.4. Flowchart of the study showing the steps used for the aboveground biomass       
retrieval and mapping of mangrove forests and their non-forest replacement land uses using 
the Sentinel SAR and multispectral imagery. There were four Sentinel groups considered in 
the study: 1. SAR-based group, 2. Multispectral band-based group, 3. Vegetation indices-
based group, and 4. Vegetation biophysical variables-based group.  
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Table 5.2 Sentinel-based imagery data predictors of aboveground biomass including 
space-borne elevation data 
Group Source 
Image 
Predictor 
Variable 
Group 
Predictor/s set Description 
1 Sentinel-1  Polarisation/ 
channel  
VH-Oct  
VV-Oct  
VH-Dec  
VV-Dec 
VH-Jan  
VV-Jan 
VV-Oct, VH-Dec, VV Jan 
VV Oct, VH Jan, Elevation 
VH  channel (dB) for October 2015 
VV channel (dB) for October 2015 
VH channel (dB) for December 2015 
VV channel (dB) for December 2015 
VH channel (dB) for January 2016 
VV channel (dB) for January 2016 
Multi-date VH, VV combination 
Multi-date VH, VV, elevation combination 
 
2 Sentinel-2 Multispectral 
bands 
Band 2  
Band 3  
Band 4  
Band 5  
Band 6  
Band 7  
Band 8  
Band 8a  
Band 11    
Band 12  
NIR, SWIR 2 
Red, Red Edge 1 
Red, Red Edge 2 
Red, Red Edge 1, NIR, Elevation 
Red, Red Edge 1, Red Edge 3, Elev. 
Blue, 490nm 
Green, 560 nm 
Red, 665nm 
Red edge 1, 705 nm 
Red edge 2, 749 nm 
Red edge 3, 783 nm 
Near Infrared, 842 nm 
Near Infrared a, 865 nm 
Short Wave IR 1, 1610 nm 
Short Wave IR 2, 2190 nm 
NIR, SWIR 2 combination 
Red, Red Edge 1 combination 
Red, Red Edge 2 combination 
Red, Red Edge 1, NIR, Elevation combination  
Red, Red Edge 1, Red Edge 3, Elev. combination 
 
3 Sentinel-2 Vegetation 
Indices 
NDVI 
NDI45 
IRECI 
TNDVI  
 
NDI45, Elevation 
IRECI, Elevation 
 
(Band 8 – Band 4) / (Band 8 + Band 4)* 
(Band 5 – Band 4) / (Band 5 + Band 4)** 
(Band 7 – Band 4) / (Band 5/Band 6)*** 
[(Band 8 – Band 4) / (Band 8 + Band 4)  + 
0.5]1/2**** 
NDI45, Elevation combination 
IRECI, Elevation combination 
4 Sentinel-2 Vegetation 
biophysical 
variables 
LAI 
fCover 
fPAR 
 
Chlorophyll (Cab) 
LAI, Elevation 
Chlorophyll, Elevation 
Leaf Area Index 
Fraction of Vegetation Cover 
Fraction of Absorbed Photosynthetically Active  
Radiation 
Chlorophyll content in the leaf 
LAI, Elevation combination 
Chlorophyll, Elevation combination 
 
 SRTM 
DEM 
Elevation  Elevation, 30 m resolution 
IRECI = Inverted Red-Edge Chlorophyll Index; TNDVI = Transformed Normalised Difference Vegetation Index  
*Rouse et al. 1973 as cited in SNAP (2016) **Delegido et al. 2011 as cited in SNAP 2016) 
***Clevers et al. 2000 as cited in SNAP (2016) ****Senseman et al. 1996 as cited in SNAP (2016) 
 
To assess if the correlation with biomass and prediction error from the linear 
models can still be improved, the set of predictors from the linear models with the 
highest r and lowest RMSE for each part was further subjected to 17 machine 
learning algorithms (available in the WEKA machine learning software; Table 5.3). 
The model/algorithm with highest r and lowest RMSE was selected for use in 
predictive mapping of biomass which was implemented in ArcGIS (version 10.3.1, 
Chapter 5  -  Mapping of biomass using Sentinel imagery 
____________________________________________________________________ 
 
Assessing the Carbon of mangrove forests and land uses that replaced mangroves                88  
 
ESRI, USA). Four biomass predictive maps were produced which were derived from 
Sentinel-1 SAR channels, Sentinel-2 multispectral bands, Sentinel-2 vegetation 
index, and Sentinel-2 vegetation biophysical variable.  
 
Table 5.3 Machine learning algorithms used in the study. These algorithms 
are available from WEKA machine learning software (Hall et al. 2009) 
Algorithm 
 
Classifier type Key description 
 
ElasticNet 
Functions Coordinate descent-based regression for 'elastic net'-related 
problem 
GaussianProcesses functions Gaussian processes for regression 
IsotonicRegression Functions  Learns an isotonic regression model 
LeastMedSq Functions  Least median squared linear regression  
MultilayerPerceptron Functions  Backpropagation to classify instances 
PaceRegression Functions  Pace regression linear models 
RBFNetwork Functions  Normalized Gaussian radial basis function network. 
RBFRegressor Functions  Supervised Radial basis function networks 
SMOreg Functions Support vector machine for regression 
AlternatingModelTree Trees An alternating model tree by minimising squared error 
DecisionStump Trees Building and using a decision stump 
RandomForest Trees Construction a forest of random trees 
RandomTree Trees Tree construction based on K-randomly chosen attributes 
REPTree Trees Fast decision tree learner 
IBk Lazy K-nearest neighbour classifier 
KStar Lazy Instance-based classifier 
LWL Lazy Locally weighted learning 
 
The accuracy of the predicted maps was assessed for their overall RMSE, 
agreement/correlation coefficient (r) between predicted and observed values, and 
map accuracy (%) based on the range value (i.e. maximum – minimum) of the 
dataset (Christensen et al. 2004). Extraction of the pixel value of the 90 plots for each 
of the four predictive maps was done using ArcGIS. The prediction errors (RMSE) 
were also computed for each land use in each Sentinel image-derived map. An 
elevation range of zero to 15 m was used as a mask to remove, in the predicted maps, 
areas that are far from the study site. All the land uses were all covered within this 
elevation range.   
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5.4  Results 
5.4.1  Relationship of field biomass and Sentinel Image data, and 
model assessment 
5.4.1.1  Sentinel-1 (SAR) polarisations  
There was an increase in the backscatter values as the aboveground biomass 
increases, i.e. from nil in aquaculture ponds, the salt pond and the cleared mangrove 
to low biomass in the coconut plantation, and low to high biomass in mangroves 
(Figure 5.5). The backscatter (dB) values of vegetated mangrove and coconuts were 
comparable, -13.41 and -13.19 in VH polarisation, and -7.51 and -7.86 in VV 
polarisation, respectively. Non-vegetated areas under aquaculture ponds, the salt 
pond and the cleared mangrove had lower dB in VH polarisation (i.e. -18.098 for 
aquaculture ponds, -19.80 for the salt pond, and -16.16 for the cleared mangrove). 
For VV polarisation, the trend was less clear for non-vegetated areas, with lower 
backscatter value of -9.22 and -10.77 for aquaculture ponds and the salt pond, but 
higher backscatter for the cleared mangrove of -6.83. 
 
 
Figure 5.5 Relationships of observed aboveground biomass and Sentinel-1 SAR backscatter 
coefficient (, dB) in the different coastal land uses. Plots were arranged from nil to high 
biomass (top left), according to land use/plot number (top right) and in October 2015 for VH 
polarisation (bottom). Plots are arranged per land use, as: 1 to 51 (mangrove), 52 to 69 (abandoned 
aquaculture), 70 to 75 (coconut plantation), 76 to 84 (abandoned salt pond) and 85 to 90 (cleared mangrove). 
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Single-date VH channel had higher correlations with biomass (r = 0.48 – 0.51 
vs. r = 0.28 – 0.45) than VV polarisation. The multi-date combination of VH and VV 
polarisations had a higher correlation with biomass than single date imagery, albeit 
the relationship is only moderate (r = 0.55). However, when elevation was added to 
multi-date VH-VV channels, the relationship with biomass was greatly improved (r 
= 0.84). This model was able to explain 69 % of the biomass variability and had the 
lowest prediction error of 28.36 Mg ha
-1
, among the SAR models evaluated (Table 
5.4). 
 
Table 5.4 Correlations of observed aboveground biomass and Sentinel-based 
predictors 
Modelling Group Predictor/s 
 
 
 
 
Correlation with 
biomass, r 
 
 
 
p value 
 
 
 
 
Agreement/ 
Correlation of 
observed and 
predicted 
value, r 
Model 
prediction 
error, RMSE 
(Mg ha
-1
) 
 
1. Sentinel-1 (SAR) VH Oct 0.50 <0.001 0.47 44.16 
polarisation VV Oct 0.45 <.001 0.42 45.50 
 VH Dec 0.51 <.001 0.49 43.67 
 VV Dec 0.33 0.001 0.28 48.03 
 VH Jan 0.48 <.001 0.45 44.72 
 VV Jan 0.28 0.007 0.21 48.99 
 VV Oct, VH Dec, VV Jan 0.55 <.001 0.47 44.33 
 VV Oct, VH Jan, Elevation 0.84 <.001 0.82 28.36 
2. Sentinel-2  Blue 0.57 <0.001 0.53 42.40 
(multispectral) Green 0.54 <0.001 0.51 43.03 
raw bands Red 0.65 <0.001 0.63 38.74 
 Red Edge 1 0.50 <0.001 0.47 44.16 
 Red Edge 2 0.69 <0.001 0.67 37.09 
 Red Edge 3 0.72 <0.001 0.71 35.34 
 NIR 0.72 <0.001 0.71 35.45 
 NIRa 0.72 <0.001 0.70 35.60 
 SWIR 1 0.42 <0.001 0.38 46.23 
 SWIR 2 0.59 <0.001 0.56 41.37 
 NIR, SWIR 2 0.80 <0.001 0.79 30.90 
 Red, Red Edge 1 0.71 <0.001 0.68 36.59 
 Red, Red Edge 2 0.77 <0.001 0.76 32.68 
 Red Edge 1, Red Edge 2 0.79 <0.001 0.77 31.83 
 Red, red edge 1, NIR, Elevation 0.84 <0.001 0.82 28.92 
 Red, Red edge1, Red edge3, Elev. 0.84 <0.001 0.82 28.47 
3. Sentinel-2 derived NDI45 0.80 <0.001 0.79 30.74 
vegetation IRECI 0.80 <0.001 0.79 30.73 
indices TNDVI 0.72 <0.001 0.70 35.54 
 NDVI 0.74 <0.001 0.73 34.44 
 NDI45, Elevation 0.84 <0.001 0.82 28.83 
 IRECI, Elevation 0.84 <0.001 0.83 28.02 
4. Sentinel-2 derived LAI 0.80 <0.001 0.79 30.91 
biophysical fPAR 0.77 <0.001 0.75 32.89 
variables fCover 0.78 <0.001 0.77 32.11 
 Chlorophyll content 0.77 <0.001 0.76 32.32 
 LAI, Elevation 0.84 <0.001 0.82 28.33 
 Chlorophyll, Elevation 0.84 <0.001 0.82 28.38 
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5.4.1.2  Sentinel-2 Multispectral bands and combination 
Figure 5.6 presents the reflectance in the visible, red edge and infrared bands 
of mangroves and the non-forest land uses that replaced them. Bands in the Red edge 
2, Red edge 3, and Near-infrared have better correlations (r = 0.69 to 0.72) with 
aboveground biomass than bands in the visible and short-wave infrared regions. Raw 
band combination of Red edge 1 and Red edge 2, as well as NIR and SWIR2 bands, 
had stronger and higher correlations with aboveground biomass than individual raw 
bands and other raw band combinations. However, the inclusion of elevation with 
band combination of Red, Red edge 1, and Red edge3 greatly improved the 
correlation (r = 0.89). This raw band-elevation combination had the least prediction 
error (28 Mg ha
-1
; Table 4). 
 
 
Figure 5.6 Relationships of observed aboveground biomass with Sentinel-2 multispectral bands in the visible, red 
edge and infrared regions. Plots were arranged from nil to high biomass, regardless of land use. Plots 1 to 
51 are in mangroves, 52 to 69 are in abandoned aquaculture ponds, 70 to 75 are in the coconut plantation, 
76 to 84 are in the abandoned salt pond and 85 to 90 are in the cleared mangrove.  
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5.4.1.3  Sentinel-2-derived Vegetation Indices 
Figure 5.7 shows the plot profile of vegetation indices in the study site. 
Indices close to zero for NDVI, IRECI and NDI45 were plots under aquaculture 
ponds, the salt pond and the cleared mangrove, respectively. Among the Sentinel-
derived vegetation indices, NDI45 and IRECI had the highest correlation (r = 0.80) 
to biomass. Adding elevation to the indices slightly improved the correlation, of 
which the highest was in IRECI and elevation combination (r = 0.84; Table 5.4). 
This combination also had the lowest prediction error of 28 Mg ha
-1
. 
 
 
Figure 5.7 Relationship of observed aboveground biomass with Sentinel-2-derived 
vegetation indices. Plots were arranged from nil to high biomass. Plots 1 to 51 
are in mangroves, 52 to 69 are in abandoned aquaculture ponds, 70 to75 are in 
the coconut plantation, 76 to 84 are in the abandoned salt pond and 85 to 90 are 
in the cleared mangrove. 
  
5.4.1.4  Sentinel-2-derived Vegetation biophysical variables 
Figure 5.8 presents the plot profile of the Sentinel-2-derived vegetation 
biophysical variables included in the study. Areas under aquaculture ponds, saltpond 
and cleared mangrove had values close to zero whereas vegetated areas under 
coconut had lower value of vegetation cover (less than 0.5 on average) compared to 
mangroves. Leaf Area Index (LAI) had better correlation with biomass (r = 0.80) 
than the other vegetation cover variables evaluated (Table 5.4). Adding elevation 
data improved the correlation and reduced the error of prediction. The highest 
correlation with biomass and lowest prediction error was for the combination of LAI 
and elevation (r = 0.84; RMSE = 28.38 Mg ha
-1
). 
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Figure 5.8 Relationship of observed aboveground biomass with Sentinel-2-derived 
biophysical variables. Plots were arranged from nil to high biomass. Plots 1 to 51 
are in mangroves, 52 to 69 are in abandoned aquaculture ponds, 70 to75 are in the 
coconut plantation, 76 to 84 are in the abandoned salt pond and 85 to 90 are in the 
cleared mangrove. 
 
 
5.4.2  Linear regression versus machine learning algorithms 
Compared to linear regression, the use of machine learning algorithms 
SMOreg and ElasticNet gave better biomass prediction from Sentinel-1 SAR and 
Sentinel-2-derived vegetation cover data, respectively. However, for Sentinel-2 
multispectral band combination and Sentinel-2 derived vegetation index, linear 
regression gave better biomass prediction than the machine learning algorithms. 
Table 5.5 shows the evaluation of biomass prediction from machine learning 
algorithms and traditional linear regression in terms of the agreement of observed 
and predicted values as well as the prediction error.  
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Table 5.5 Algorithms used in the study and their accuracy evaluation for biomass 
prediction  
Algorithm S-1 SAR S-2 raw bands S-2 veg. index S-2 LAI 
 
r RMSE r RMSE r RMSE r RMSE 
Linear Regression 0.82 28.36 0.82 28.47 0.83 28.02 0.82 28.33 
ElasticNet 0.82 28.34 0.82 28.61 0.82 28.35 0.83 28.25 
GaussianProcesses 0.78 33.23 0.78 31.35 0.82 41.14 0.81 41.64 
IsotonicRegression 0.80 30.48 0.80 29.99 0.79 31.26 0.80 30.48 
LeastMedSq 0.82 43.98 0.65 48.69 0.74 44.61 0.82 43.28 
MultilayerPerceptron 0.77 32.98 0.76 33.33 0.78 31.86 0.78 31.90 
PaceRegression 0.82 28.38 0.81 29.04 0.83 28.03 0.82 28.33 
RBFNetwork 0.46 44.32 0.76 32.34 0.76 32.53 0.76 32.32 
RBFRegressor 0.78 31.40 0.80 29.94 0.80 42.06 0.78 31.92 
SMOreg 0.83 27.75 0.80 29.81 0.82 29.18 0.80 30.58 
AlternatingModelTree 0.58 55.81 0.71 35.92 0.44 59.12 0.38 62.48 
DecisionStump 0.71 35.58 0.73 34.40 0.67 37.64 0.70 36.05 
RandomForest 0.76 32.95 0.75 33.81 0.75 33.71 0.72 35.13 
RandomTree 0.54 48.75 0.65 42.42 0.67 41.17 0.61 43.15 
REPTree 0.79 31.26 0.76 32.96 0.77 31.89 0.77 32.04 
IBk 0.69 38.80 0.61 43.20 0.59 44.67 0.59 43.35 
KStar 0.74 33.93 0.71 36.75 0.78 31.15 0.77 31.74 
LWL 0.75 33.07 0.86 27.54 0.77 33.82 0.69 36.68 
 
 
 
5.4.3  Biomass predictive mapping 
The model from the best algorithm (lowest RMSE and highest r) from each 
of the four biomass prediction groups was then used to estimate and map the 
aboveground biomass (AGB) values throughout the study area, as shown in the 
equations below: 
 
Sentinel 1-derived AGB = -32.0684  + 1.7712 * VVOct - 1.8129 * VHJan                          
+ 12.6514 * elevation 
(Equation 5.6) 
 
Sentinel-2 multispectral bands-derived AGB = -9.3577  +   792.5243 * Band 4                       
- 987.7312 * Band 5  +  234.2441 *Band 7 +   10.082  * elevation 
(Equation 5.7) 
 
Sentinel-2 vegetation index-derived  AGB = -12.7514   +   36.0378 * IRECI                        
+ 8.0015 * elevation 
(Equation 5.8) 
 
Sentinel-2 vegetation cover-derived AGB = -16.067 + 7.474 *LAI + 9.296 
*elevation 
(Equation 5.9) 
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Figure 5.9 and Figure 5.10 present the biomass maps derived from Sentinel-1 
SAR and Sentinel-2 multispectral images, in conjunction with SRTM elevation data. 
The spatial variation of predicted AGB conforms to those observed in the field. The 
predicted high biomass areas were in the northern part of the study site which is in 
agreement with the field observation where closed canopy mangrove forest can be 
found. Likewise, the lowest AGB estimates were found in the middle to southern part 
of the study site and consistent with field condition where non-forest land uses that 
replaced mangroves are usually found. 
The accuracy assessment of the Sentinel-based predicted biomass maps 
revealed that their RMSE values were almost similar (range: 28.05 to 30.92 Mg ha
-1
), 
but lowest in Sentinel-2-LAI-derived biomass map and highest in Sentinel-2 optical 
raw bands-derived map (Figure 5.11). The overall map accuracy ranged from 85.3 % 
(Sentinel-2 optical raw bands-based map) to 86.6 % (Sentinel-2-derived LAI-based 
map). Correlation coefficients/agreements (r) between measured and predicted 
biomass were all significant at 0.01 level and computed at 0.838, 0.821, 0.831 and 
0.835 for models derived from Sentinel SAR-, Sentinel-2 multispectral bands, 
Sentinel-2 IRECI vegetation index and Sentinel-2 LAI datasets, respectively. There 
was no significant difference between the observed and predicted biomass values for 
each of the biomass map based on paired t-tests (p > 0.05).  
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Figure 5.9 Predicted maps of aboveground biomass in the study site derived from 
biomass models from Sentinel-1 SAR raw channels (top, equation 5.6) and 
Sentinel-2 multispectral bands (bottom, equation 5.7) 
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Figure 5.10 Predicted maps of aboveground biomass in the study site derived from 
biomass models from Sentinel-2 IRECI vegetation index (top, equation 5.8) and 
Sentinel-2 based Leaf Area Index (bottom, equation 5.9) 
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Also, among the land uses, the prediction errors for mangrove forest were 
similar for the four Sentinel-derived biomass maps (36.13 to 38.96 Mg ha
-1
) but 
lowest in Sentinel LAI-derived biomass map (Figure 5.12). For coconut plantation 
biomass, Sentinel-2 optical raw bands-derived biomass map had the lowest 
prediction error (21.42 Mg ha
-1
) while the vegetation index (IRECI)-derived biomass 
map had the highest error (26.7 Mg ha
-1
). The SAR-derived biomass map had the 
lowest biomass prediction error for aquaculture ponds, salt pond and cleared 
mangrove, which are all low biomass area, if not devoid of vegetation.  Sentinel-2 
multispectral band-derived biomass map had the highest prediction error for the 
retrieval of biomass from cleared mangrove (25.7 Mg ha
-1
) compared to the three 
other biomass maps which had almost similar prediction error (3.5 to 4.5 Mg ha
-1
).  
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Figure 5.11. Accuracy assessment of predicted biomass maps produced from the four 
Sentinel-based models (top panel). Scatter plots of observed and predicted 
biomass values correspond to (a) Sentinel-1-based model, (b) Sentinel-2 
multispectral band-based model, (c) Sentinel-2 vegetation index-based model 
and (d) Sentinel-2 biophysical variable-based model, respectively 
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Figure 5.12 Comparative prediction errors of the four Sentinel-based aboveground 
biomass models for predicting biomass of mangrove forest and the four land 
uses that replaced mangroves in Honda Bay coast  
 
5.5  Discussion  
5.5.1  Relationship of field biomass with Sentinel SAR polarisations 
and multispectral bands 
Single-date SAR VH channel had a higher correlation with biomass than VV 
polarisation. However, the combination of multi-temporal VH and VV polarisations 
correlated better with biomass than single-date SAR imagery. Proisy et al. (2003) 
also reported similar observation for the C-band of the airborne-AIRSAR where 
cross-polarised HV channel had better correlation with biomass than co-polarised 
VV channel for both mangrove forests in Northern Australia and French Guiana. 
Also, Kumar et al. (2012) found that multi-date Envisat ASAR images had a better 
correlation than single-date ASAR image in retrieving tropical forest biomass in 
India.  
Bands in the Red edge (B6 and B7) and NIR (B8) had a higher correlation 
with aboveground biomass than bands in the visible (B2, B3, B4) and short wave 
infrared (B11, B12) regions. Raw band combination in the Red edge (B5 and B6), as 
well as NIR (B8) and SWIR (B12) bands combination, had strong and better 
correlation with aboveground biomass than individual raw bands and other raw band 
combinations. The red edge and NIR regions are bands known to correlate well with 
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biomass (Sibanda et al. 2015; Dube et al. 2016). In addition, among the Sentinel-
derived vegetation indices, NDI45 and IRECI gave the highest correlation with 
biomass compared to NDVI and other vegetation index evaluated. NDI45 and IRECI 
are vegetation indices that use red edge bands which are known to relate well with 
biomass as mentioned above. Also, LAI had better correlation with biomass (r = 
0.80) than the other vegetation cover biophysical variables evaluated. This is 
consistent with the findings of Dusseux et al. (2015) where correlation with biomass 
was highest with LAI than the other biophysical variable tested (i.e. fPAR). The LAI 
gives information on the density of vegetation and describes more accurately the 
status of vegetation compared to other canopy variables (Dusseux et al. 2015). 
Among the Sentinel predictor groups, the highest correlation with biomass 
was obtained when elevation was included as covariate. This is consistent with the 
results of Jachowski et al. (2013) for their mangrove biomass estimation in Thailand 
where the best biomass model was from the combination of multispectral bands and 
elevation. Elevation and tree height in mangrove area are related (Simard et al. 2006; 
Fatoyinbo et al. 2008; Aslan et al. 2016) probably due to the close proximity of 
mangrove to the sea where elevation is usually set as zero. Tree height and biomass 
are allometrically related (Cintron & Novelli 1984; Chave et al. 2005; Komiyama et 
al. 2005). 
5.5.2  Accuracy assessment of biomass prediction 
The LAI-based model derived from the Sentinel-2 image was more accurate 
in predicting the overall aboveground biomass of the different coastal land uses 
studied, out-performing the models based on SAR raw polarisation backscatter, raw 
multispectral bands and multispectral-based vegetation index. The lowest accuracy 
was observed for optical raw band-based model. Comparing the prediction per land 
use, the LAI-based model was also the best model for predicting mangrove biomass. 
The result is consistent with the study of Dusseux et al. (2015) and Saatchi et al. 
(2007) where LAI-based biomass model also gave the highest prediction for biomass 
compared to models based on vegetation index and other vegetation cover variables. 
However, the Sentinel SAR-based model was more accurate in predicting the 
biomass in the usually deficient to low vegetation cover non-forest replacement land 
uses such as abandoned aquaculture pond, cleared mangrove and abandoned salt 
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pond. This is probably due to its ability to accurately detect non-vegetated areas such 
as water and open area whose surface are smooth to radar wave and with low 
backscatter coefficient compared to vegetation (Kumar et al. 2012; Kumar et al. 
2015; Sinha et al. 2015). C-band SAR, as in the case of Sentinel-1, is favoured for 
biomass study of low biomass sites such as forest clearings, grassland and forest 
regeneration sites because of its stronger backscattering in these areas as compared to 
L and P bands (Sinha et al. 2015).   
Using Sentinel-1 SAR and Sentinel-2 multispectral imagery data can give 
good results in the retrieval and predictive mapping of the aboveground biomass of 
mangroves and the replacement non-forest land uses, especially with the inclusion of 
elevation data. Agreement/correlation of predicted and observed biomass values 
from the Sentinel-1 SAR biomass model was 0.83. This value is almost similar to the 
value reported for Radarsat SAR (0.84) reported by Li et al. (2007) but lower than 
the value reported for PALSAR (0.91; Thapa et al. (2015) as shown in Table 5.6. 
Sentinel-1 and Radarsat are both in C-band, which has a shorter wavelength than the 
L-band in PALSAR that has higher canopy penetration capability (Sinha et al. 2015). 
For Sentinel-2 biomass models, the agreement between the predicted and observed 
values was 0.83. This value is the same for biomass prediction using ALOS VNIR-2 
reported by Wicaksono et al. (2016), slightly higher than the biomass model derived 
from GeoEye-1 (0.81; Jachowski et al. (2013), higher than Landsat-based model 
(0.67; Li et al. (2007), but lower than the IKONOS-based model (0.93; Proisy et al. 
(2007). In addition, for Sentinel-1 model, the prediction error (RMSE) is comparable 
with the error reported by Thapa et al. (2015) on PALSAR, within the range 
computed by Simard et al. (2006) but higher than the error reported by Li et al. 
(2007). For Sentinel-2 model, the prediction error obtained in this study is much 
lower than the error reported by Jachowski et al. (2013) from using GeoEye image 
and Proisy et al. (2007) for IKONOS (Table 5.6).  
Overall, the results obtained in this study are comparable to the previous 
studies above. However, one of the key benefits in using Sentinel imagery is that 
both the SAR and multispectral images are available, is free of charge, comes with 
open-source processing software (SNAP) and has a discussion forum for queries. 
This availability is important especially in developing countries in the tropics where 
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funds for the imagery and software procurement are limited and where there is 
persistent cloud cover, especially during rainy season.  
Also, compared to other free imagery, Sentinel-1 and Sentinel-2 have higher 
spatial and temporal resolutions. Sentinel imagery have larger swath width compared 
to commercial imagery, which can be advantageous in mapping for biomass in 
regional and national coverage. Potential issues with the use of Sentinel imagery may 
include difficulty in downloading and pre-processing of the imagery due to large 
imagery files (from the many bands and larger swath width), especially with the 
increased demand for the imagery in the future. These can be an issue for developing 
countries with slow internet connection and limited funding for the procurement of 
high-speed computer processor and larger memory. 
It is acknowledged, however, that the biomass estimations here are not from 
destructive sampling but by using allometric biomass equations. The true accuracy of 
models depends on how accurate are the field-based measurements. The 
agreement/correlation between the predicted and observed biomass values (i.e. 0.82 
to 0.83) suggest that there is a good potential for the retrieval and mapping of 
biomass in mangrove area in using the Sentinel imagery. The method used in the 
study allowed to generate cross-validated coastal biomass maps predicted from this 
free, open-source imagery. The predictive biomass maps produced could be used as a 
baseline for which to compare results from future intervention such as reforestation.  
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Table 5.6 Satellite-based biomass retrieval and mapping studies in mangrove area 
Sensor 
 
 
Correlation/agreement 
of predicted and 
observed values 
RMSE (Mg/ha) 
 
 
Source 
 
 
Radar     
Sentinel-1 SAR 0.83 27.75 This study 
SRTM SAR 0.50 146.88 Aslan et al. (2016) 
PALSAR 0.91 28.39 Thapa et al. (2015) 
Radarsat SAR 0.84 9.46 Li et al. (2007) 
SRTM SAR 0.82 20-40 Simard et al. (2006) 
    
Multispectral    
Sentinel-2  0.83 28.02 This study 
ALOS VNIR-2  0.83 Not reported 
Wicaksono et al. 
(2016) 
GeoEye  0.81 53.4 
Jachowski et al. 
(2013) 
IKONOS  0.93 42 Proisy et al. (2007) 
Landsat  0.67 7.38 Li et al. (2007) 
 
Furthermore, Sentinel-1A was launched on April 3, 2014. The earliest 
available image that covered the study site was only on October 31, 2015. The three 
Sentinel-1A images used in the study were, in fact, the earliest first three images in 
GRD mode available for the study site. On the other hand, Sentinel-2A was launched 
on June 23, 2015. The earliest available Sentinel-2A image that covered the study 
site was only on January 12, 2016. The next earliest dates were February 11, 2016 
and April 11, 2016. However, the images for January and February 2016 were both 
cloudy, thus the April 11, 2016 image was the one used. Therefore, the imagery data 
used in the study were the closest to the field data acquisition time. The time elapsed 
between the field data collection and image acquisition (i.e. three to five months for 
Sentinel-1, and eight months for Sentinel-2) is acknowledged.  
However, considering the available Sentinel images for the study site, it was 
assumed that the difference in field biomass is still negligible after three to eight 
months have passed (i.e. field data collection was conducted from June 2015 to July 
2015). The mangrove forests and coconut plantation that were studied are all mature 
stands and presumed in a steady state. Also, five (i.e. December, January, February, 
March and April) of the eight months elapsed time were dry season months where 
growth is minimum. Indeed, Proisy et al. (2007) in mapping the mangrove biomass 
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in French Guiana also considered the time difference of 1 year between field data 
acquisition and imagery date as “not required” for biomass value adjustment. Future 
studies should consider using Sentinel images as close as possible to the field data 
collection to avoid the assumption that was made, considering that the Sentinel-1 and 
Sentinel-2 are now on their routine data collection. 
5.6  Conclusion 
Sentinel-1 (SAR) and Sentinel-2 (multispectral) image data can be used for 
biomass retrieval and mapping in the coastal land uses, mangrove and non-mangrove 
alike, of Honda Bay and adjacent coastal areas in Puerto Princesa City, Philippines. 
The prediction accuracy is comparable to imagery from current commercial sensors. 
High correlation values (r = 0.84) between biomass and Sentinel imagery data were 
obtained from the combination of dual-date SAR VH and VV channels, red and red 
edge bands, red edge-based vegetation indices and leaf area index, respectively. The 
developed Sentinel-based models can explain 67 % to 69 % of the biomass variance, 
with prediction error of < 29 Mg ha
-1
 while the output predictive biomass maps had 
prediction accuracy of 85.3 % to 86.6 % and agreement/correlation (r) of observed 
and predicted biomass value of 0.82 to 0.84. The Sentinel SAR-based model was 
more accurate in predicting the biomass in the usually deficient to low vegetation 
cover non-forest replacement land uses such as abandoned aquaculture pond, cleared 
mangrove and abandoned salt pond. The study indicates satisfactory results to map 
the coastal land uses in the study area.  
The free and open-source Sentinel imagery in both SAR and multispectral 
data and the associated open-source SNAP software should encourage the conduct of 
biomass mapping and monitoring in the coastal zone of resource-poor countries 
especially in the tropics. In addition, the methods developed might be used to map 
and estimate the aboveground biomass of mangrove and non-forest land uses in the 
coastal zone similar to the study site. Follow-up studies should aim for the generation 
of DEM from Sentinel-1 InSAR in order to test its capability for biomass retrieval 
and mapping in combination with Sentinel backscatter and multispectral data.  
Chapter 5  -  Mapping of biomass using Sentinel imagery 
____________________________________________________________________ 
 
Assessing the Carbon of mangrove forests and land uses that replaced mangroves                106  
 
In addition, the accuracy of the map might be improved with additional plots 
distributed strategically in areas far from the current plots, and additional sites for 
each land use especially for coconut plantation, abandoned saltpond and cleared 
mangrove. Lastly, the use of various data transformation techniques, as well as non-
linear multiple regression forms, should be also pursued with the aim of finding the 
highest correlation for predicted and observed value, and lower prediction error 
compared to the current values. The results of the study could be useful for 
monitoring the status of mangrove plantings in the region. 
The next Chapter, Chapter 6, will present and discuss the soil C stock 
quantification and predictive mapping in mangroves and replacement land uses. 
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Chapter 6 
SOIL C QUANTITIES OF MANGROVE FORESTS, THEIR 
COMPETING LAND USES, AND THEIR SPATIAL 
DISTRIBUTION  
6.1  Introduction  
The Literature Review mentioned the knowledge gap on carbon (C) loss in 
soil and biomass of the on-going mangrove conversion. Studies are growing on 
quantifying the C stocks of mangrove forests while very few has been reported on 
land uses that replaced mangroves. It is not surprising, therefore, that most estimates 
of C losses from soil owing to mangrove conversion are based only on assumptions. 
Also, the application of geostatistical technique such as Kriging in soil C stock 
mapping in mangrove has not been reported in the literature as compared with inland 
terrestrial soils.  
While Chapters 4 and 5 discussed about the biomass, the present Chapter and 
Chapter 7 dealt on soils in intact and deforested mangrove area. In this Chapter, the 
soil C stocks of mangrove forests with the non-forest land uses that competed and 
replaced mangroves (i.e. aquaculture pond, salt pond, coconut plantation and cleared 
mangrove) were evaluated and compared. Specifically, this Chapter aimed 1) to 
quantify the soil C stocks of mangrove forest under closed and open canopies and 
their competing land uses; 2) examine the relationship between soil C stock and site 
variables; and 3) to model the spatial distribution of soil C stock in the study site. 
Results from this study could help inform current discussions on Blue Carbon 
(Howard et al. 2014) and in including mangroves under REDD+, and for policy and 
program development that advance soil C conservation in forested coastal wetlands.  
This Chapter is arranged into six sections as follows: 1) Introduction, 2) 
Background literature on soil C stock accounting in mangrove soil, 3) Methods, 4) 
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Results, 5) Discussion, and 6) Conclusion. This Chapter has been published in the 
journal Geoderma (Castillo et al. 2017) with some reformatting done to suit the 
format of the Thesis.   
The new and significant contributions of this Chapter include: 1) the 
evaluation of the soil C stocks of not only mangrove forests and aquaculture ponds 
but also other land uses that replaced mangroves such as coconut plantation, cleared 
mangroves and abandoned salt pond; and 2) the application of GIS-based Kriging for 
predicting and mapping the soil C stocks in mangrove area.  
6.2  Soil Carbon stock accounting and mapping in mangrove 
area 
Mangrove forests in the tropical and subtropical coastal regions are important 
ecosystems that provide goods and services, including C sequestration and storage 
functions. Mangroves are increasingly recognised as a huge storage of C, storing at 
least two to three times higher than terrestrial forests (Donato et al. 2011; Pendleton 
et al. 2012; Kauffman et al. 2016). They are the most productive ecosystem in the 
coastal zone sequestering a net of 11.1 Mg C ha
-1 
year
-1
 in aboveground biomass 
(Alongi 2014). At least half of total C stock in mangroves is stored in the soil 
(Donato et al. 2011; Murdiyarso et al. 2015; Kauffman et al. 2016).  
However, there has been massive global mangrove deforestation in the past, 
i.e. 0.75 % to 2.1 % are lost annually, converting mangrove forests to other land uses 
such as agriculture and aquaculture (FAO 2007; Giri et al. 2011; Thompson et al. 
2014). The conversion of mangrove forests to other land uses still continue in many 
parts of the globe. In Southeast Asia, more than 100,000 ha of mangrove forests were 
deforested and converted during 2000–2012 to other non-forest land uses especially 
aquaculture (Richards & Friess 2016). The disturbance of mangrove forest, 
especially in its soil, will release a significant amount of C back to the atmosphere in 
the form of CO2 (Alongi 2012).  
Soil is considered as one of the largest global C pool, next to oceanic and 
geologic pools. The soil organic C exceeds the amount of C in the atmospheric and 
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biotic global pools (Lal 2008; Maraseni & Pandey 2014). Wetland soil covers an area 
of 5,961 x 10
3
 km
2
 and contains 513 Pg of organic C globally (Bridgham et al. 2006). 
It, therefore, has a high C stock per unit area that is susceptible to mineralisation 
when disturbed. When mangrove forests are converted to other land uses, trees and 
other vegetation are removed which in effect stops the sequestration of atmospheric 
C (Chmura et al. 2003; Navarrete & Tsutsuki 2008). When mangroves are converted 
into aquaculture ponds, the soil top layer (1.5m - 2m) is excavated exposing and 
oxidising C-rich soils (Eong 1993; Thompson et al. 2014).  
While some studies have been conducted on mangrove soil C stocks (see for 
example(Donato et al. 2011; Kauffman et al. 2011; Tue et al. 2014; Murdiyarso et al. 
2015), our knowledge on how C stocks of mangrove forests compare with those of 
non-forest land uses that replaced them is still limited. Such knowledge is important 
for accurately estimating the impact on C stocks of and emissions due to land use 
change. In terrestrial ecosystem, the conversion of forest to agriculture results in the 
loss of 20-50 % soil C (Lal 2005), while the conversion of native scrubland to 
cultivation lost about 60 % of soil C (Maraseni 2007; Maraseni et al. 2008). There is 
limited knowledge if the same magnitude is true when mangrove forests are 
converted into other non-forest land uses. The assessment of soil C stocks in soils of 
mangrove and their comparison with non-forest land uses is important in determining 
emission baselines (Adame et al. 2013), in estimating soil C for trading (Maraseni & 
Pandey 2014), and for land use decision-making in the coastal zone.  
Previous studies on soil C stocks in mangrove forest and other land use in the 
coastal zone were done using sample plots (e.g.(Donato et al. 2011; Kauffman et al. 
2011; Murdiyarso et al. 2015; Kauffman et al. 2016). Scaling up to above plot-level 
(i.e. study site, bay/landscape and region) will increase our understanding of the 
spatial distribution and variability of soil C stocks in the coastal zone and will help 
improve estimates of soil C stocks and emissions. While spatial interpolation 
technique such as Kriging has been used in inland terrestrial soils to generate site-
scale soil C stocks, its application in mangrove soil is not yet well understood.    
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6.3  Methods 
6.3.1  Study Site 
Mangrove forests and the non-forest land uses that replaced mangroves were 
investigated for their soil C stocks (Table 6.1). These coastal land uses were studied 
in the coast of Honda Bay. The non-forest coastal land uses were historically 
occupied by mangroves prior to their conversion. Detailed description of the study 
site is provided in Chapter 3.  
 
Table 6.1 Characteristics of sampling sites in Honda Bay, Palawan, Philippines 
Land use Dominant Location 
Soil 
Depth 
Pore 
water 
Salinity 
Elevation 
 
Species   (cm) (ppt) (masl) 
A. Mangrove forest      
Closed canopy mangrove     
   Closed 1 Rhizophora 
apiculata 
N9.9030 , E118.74376 to 
N9.898660, E118.729350 
236 16.8  8.3 
      
   Closed 2 R. mucronata N9.930480,  E118.755130 to 
N9.939880,  E118.754810 
3001 21 7.8 
      
   Closed 3 R. apiculata N9.939530, E118.80020 to 
N9.958950 to E118.784750 
 
231 22.6 9.4 
Open canopy mangrove     
   Open 1 R. apiculata N9.830410, E118.74770 to 
N9.829230, E118.750330 
195.9 32 3.6 
      
   Open 2 R. apiculata N9.866310, E118.742910 to 
N9.86420, E118.744210 
79.3 21.9 4.5 
      
   Open 3 Ceriops tagal N9.805150, E118.766050 to 
N9.808280, E118.769360 
33.9 79.3 3.6 
B. Non-forest land uses that replaced mangroves    
Abandoned aquaculture pond     
   Aquapond 1 None N9.806150, E118.755750 63.3 26.7 1 
   Aquapond 2 None N9.812630, E118.749710 90 34.9 1.2 
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Table 6.1 continued     
   Aquapond 3 R. apiculata N9.836980, E118.740350 99.2 39.2 1.2 
Coconut plantation     
   Coconut 
Cocos 
nucifera 
N9.8144830, E118.745750 51.2 16.1 3.5 
Abandoned Salt pond     
   Saltpond none N9.834330, E118.740260 79.2 53.8 1.4 
Cleared mangrove     
   Cleared none N9.808130, E118.756780 69.7 68.2 1 
data are mean; ppt – parts per thousand; masl – meters above sea level 
1the depth is at least 300 cm since the soil is deeper than the 300-cm soil auger and depth rod. 
 
6.3.2  Field sampling design and soil C stock accounting 
Mangrove forests (represented by closed canopy mangrove and open canopy 
mangroves) and competing land uses of mangroves represented by abandoned 
aquaculture pond, coconut plantation, abandoned salt pond and cleared mangrove 
were investigated for their soil C stocks and other soil properties. The study site was 
stratified based on land use. In each land use, sites were selected through simple 
random sampling. The mangrove forests had three sites for closed canopy stand and 
another three sites for open canopy mangroves. The land uses that replaced 
mangroves also had three sites for abandoned aquaculture ponds. However, the non-
aquaculture land uses had only one site each due to access restriction to other 
coconut plantations and absence of other sites for abandoned salt pond and cleared 
mangrove. For mangrove forests, three transects were established in each site except 
in one thin open canopy mangrove where only two transects were made. In each 
transect, three circular plots with 7m radius were established 50 m apart along a line 
established parallel to the coast (Figure 6.1). Each transect was located near the sea 
(seaward), middle/midstream and near the land/upstream (landward) to cover the 
natural tidal gradient in a mangrove ecosystem (cf. (Kauffman & Donato 2012). For 
non-forest land uses, only two transects were established at each site, but each 
transect also has three 7 m circular plots spaced about 25 m apart, except for the salt 
pond where an additional transect was formed. In total, 90 plots were sampled, of 
which 51 plots were in mangrove forests. The whole process of soil C accounting 
adopted in this study is summarised in Figure 6.2   
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           Figure 6.1. Plot layout for soil C sampling 
            Source: Kauffman and Donato (2012), modified 
 
6.3.3  Soil sampling and laboratory analysis 
Soil measurements, collection and analyses were done in each of the plots, 
following the method of Kauffman and Donato (2012). In each plot, soil core was 
taken from an undisturbed spot nearest the centre by driving an open-face stainless 
steel tube peat auger capable of obtaining sample to a depth of 300 cm (Figure 6.3). 
Each core was divided into depth intervals of  0-15 cm, 15-30 cm, 30-50 cm, 50-100 
cm, and >100 cm if parent materials (marine sand/sediment or rock) were not 
encountered before the depth of 100 cm.  A 5-cm sample was taken in the middle of 
each layer, stored in a labelled container and brought to the laboratory for oven 
drying and analysis. In each plot, soil depth to parent material was measured three 
times near the centre by driving a graduated aluminium rod until refusal. The rod is 
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300 cm in length, the inference limit of the study. In addition, in situ pore water 
salinity was measured using refractometer and pore water pH, redox potential and 
temperature using hand-held pH-mV-temperature meter (Aqua pH 2.2, TPS, 
Australia). The geographic coordinates of each plot were determined using a 
handheld Garmin GPS receiver. 
Samples were oven-dried to constant weight at 60 
0
C and were weighed 
individually for bulk density (BD) determination. Dry samples were grounded, 
homogenised and brought to Analytical Services Laboratory of the International Rice 
Research Institute in Los Baños, Laguna, Philippines for C and N concentrations (% 
mass) by dry combustion method using Thermo Finnigan Flash Elemental Analyzer 
1112. The inorganic C was not measured as it was assumed to be be 
negligible/minimal (see(Donato et al. 2011)  since the study site has no nearby karst 
formation, coral reefs and seagrass beds, and is associated with rivers.  
 
 
Figure 6.2 Input-Process-Output model for soil C accounting component of 
the Thesis 
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6.3.4  Soil C Stock Estimation 
Soil C stock (Mg C ha
-1
) per depth interval was computed as the product of 
BD (g cm
3
), depth interval (cm) and % C content, and were added together to get the 
total soil C stock per site, following Kauffman and Donato (2012). BD (g cm
-3
) was 
computed as the ratio of the dry weight (g) of soil sample over its fresh volume (cm
-
3
). 
6.3.5  Statistical Analysis 
The soil C stocks of mangrove forests and their competing land uses were 
compared using Analysis of Variance (ANOVA). If the difference is significant, 
Tukey’s posthoc test (or Games-Howell if the variance is not homogenous from 
Levene’s test) was employed to determine which of the land uses are different. The 
normality of the data was assessed using Shapiro-Wilk Test and visually inspected 
using the histogram and Quantile-Quantile (QQ) plot. Correlation analysis was 
performed using Pearson’s correlation to determine if the relationship between soil C 
stock and soil parameters exist. ANOVA and Tukey’s posthoc test are used for 
comparing means of measurements for three or more categories (Zaiontz 2015; 
McDonald 2016). Kauffman et al. (2011), Kauffman et al. (2013), Adame et al. 
(2015) and Tue et al. (2014) also used the tests for their wetland C stocks studies. 
Statistical analysis was performed using IBM SPSS Statistics version 22.  
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Figure 6.3 Soil site data and core samples collections 
a) measuring the soil depth,  b) measuring porewater pH, temperature, c) driving the 
soil auger into the mangrove soil, d) soil auger with the 2-m extension arm, e) soil 
sampling in mangrove forest, f)  soil sampling in abandoned aquaculture pond,              
g) collected soil core,   h) soil core being prepared for partitioning, i) partitioning the 
soil core by soil layer  j) collection of the 5 cm soil sample for laboratory analysis.  
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6.3.6  Spatial Modelling of Soil C Stock 
To generate a map of soil C stock spatial distribution and variability for the 
entire study site, spatial interpolation of soil C stocks was done using Ordinary 
Kriging method. The Kriging interpolation was done independently each for 
mangrove forests and their competing non-forest land uses. Non-forest land uses that 
were not under study such as built-up areas, paddy and others were excluded in the 
interpolation and was given a “No Data” pixel value. The generated maps were then 
mosaicked together to form a seamless spatial distribution map of soil C stock. The 
spatial modelling and analysis were implemented in Geostatistical Analyst and 
Spatial Analyst extensions of ArcMap 10.3 (ESRI, CA, USA) using 10 m x 10 m 
pixel size. Ordinary Kriging, as successfully used in a number of soil studies (Mishra 
et al. 2009; Umali et al. 2012; Kucuker et al. 2015), was applied in this study to 
estimate the value of soil C stock at unsampled locations as expressed in the 
following equation:  
 
 ̂      ∑        
 
   
 
where: 
 ̂     is the estimate of soil C stock (MgC ha
-1
) at location   ;  
Z     is the measured value of soil C stock at    locations; and  
    are weights of measured    locations surrounding location   .  
 
The Kriging estimate at unsampled location is the linear weighted sum of 
adjacent measured data points (Mishra et al. 2009). The weights are not only based 
on distance but also on the overall spatial relationships among measured data points 
around the location being predicted (Johnston et al. 2001). A detailed theoretical 
description of Ordinary Kriging is discussed in Johnston et al. (2001). In this study, 
several model types were tested (Table 6.2) and were ranked according to their 
Pearson correlation coefficient (r) and Root Mean Square Error (RMSE):  
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      √
 
 
∑         
 
   
 
where: 
xi = measured soil C stock value of i
th
 sample;  
yi = predicted soil C stock value.  
A set of 51 data points for mangroves and 39 for non-mangroves were used in 
each spatial interpolation. To evaluate the performance of several models, the 
observed and predicted soil C stock values were plotted and regressed, and their r 
values were computed. Cross-validation was done using the Leave-One-Out (LOO) 
approach to give an idea of how well the model predicted the unknown values as 
indicated in their RMSE. Using this approach, each sample was excluded 
sequentially, with a model built using the remaining samples to predict the value of 
the excluded sample, and compared it to the measured value (Johnston et al. 2001; 
He & Guo 2006; Jachowski et al. 2013). The extent of current mangrove cover in the 
study area, as well as the four non-forest land use areas, were digitised from a high-
resolution image of the study site as viewed from Google Earth (Google Inc., USA). 
6.4  Results 
6.4.1  Soil depth, BD and C content  
 Soil depth was considerable in mangrove forests (i.e. 255.6 cm for closed 
canopy mangrove and 106 cm for open canopy mangrove; Table 6.1). In contrast, the 
soil depth of aquaculture ponds and the rest of non-forest land uses that replaced 
mangroves were significantly lower (p < 0.05) and did not exceed 100 cm, i.e. 84 cm 
for abandoned aquaculture ponds, 51.7 cm for the coconut plantation, 79.2 cm for the 
abandoned salt pond and 69.7 cm for the cleared mangrove.  
In addition, the mean BD of mangrove forests (0.56 g cm
-3
) was lower than 
their competing land uses (0.77 g cm
-3
 for abandoned aquaculture ponds to 1.35 g 
cm
-3
 for the coconut plantation) except for the cleared mangrove (0.62 g cm
-3
; p < 
0.05; Table 6.2). The effect of mangrove conversion to other land use was prominent 
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in the topmost soil layer (0-15 cm) of the competing non-forest land uses (mean: 1.15 
g c m
-3
, range: 0.95- 1.36 g cm
-3), compared to mangrove forests’ much lower BD in 
the same soil layer (0.53 g cm
-3
; p < 0.05). Some 54% of non-forest plots had BD of 
> 0.89 g cm
-3
 while 50% of the mangrove forest plots had BD of < 0.55 g cm
-3
. Mean 
BD of closed canopy mangroves (0.53 g cm
-3
) and open canopy mangroves were not 
significantly different (p = 0.68) and the former represented only 39 % of the coconut 
plantation (1.35 g cm
-3
), 51 % of the abandoned salt pond (1.03 g cm
-3
) and 68 % of 
abandoned aquaculture ponds (0.77 g cm
-3
).  
Furthermore, the mean soil C content (%) in mangrove forests (8.64 %) was 
significantly higher as compared to their competing land uses especially the coconut 
plantation (0.54 %) and the abandoned salt pond (5.2%; p < 0.05). The mean soil C 
content of the four competing non-forest land uses was only 5.55 % which was 
significantly lower than that in mangroves (p < 0.05). The effect on soil C content of 
mangrove conversion to other land uses was also noteworthy in the topsoil (0-15 cm) 
layer (mangroves: 9.4 % vs.  competing land uses: 4.3 %; p<0.05). Soil C content of 
topsoil (0-15 cm) in closed canopy mangroves (8.47 %) and open canopy mangrove 
forests (10.28 %) were significantly higher than aquaculture ponds (2.9 %), the salt 
pond (4.1 %) and the coconut plantation (0.8 %; p <0.05). In general, the % C 
decreased with depth across land use types.  
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Table 6.2 Bulk density and % C of soil under mangrove forests and their competing 
land uses in Honda Bay, Philippines 
Land Use Soil core depth interval (cm) 
 0-15 15-30 30-50 50-100 >100 
A. Mangrove Forest     
     
1. Closed canopy mangrove    
   Bulk density  0.48 0.49 0.52 0.50 0.62 
   %C 8.47 6.64 7.54 8.73 6.43 
      
2. Open canopy mangrove     
   Bulk density  0.59 0.57 0.52 0.63 0.65 
   %C 10.28 9.56 10.50 9.48 8.74 
      
Mean     
   Bulk density  0.54 0.53 0.52 0.57 0.65 
   %C 9.4 8.1 9.02 9.11 7.59 
      
B. Competing land uses     
     
1. Aquaculture pond     
   Bulk density  0.95 0.72 0.68 0.75  
   %C 2.91 7.64 10.25 8.08  
      
2. Coconut plantation     
   Bulk density  1.36 1.36 1.30 1.47  
   %C 0.77 0.54 0.34 0.46  
      
3. Salt pond     
   Bulk density  1.15 1.06 0.80 1.09  
   %C 4.11 4.65 8.23 4.01  
4. Cleared mangrove     
   Bulk density  0.43 0.55 0.71 0.66  
   %C 9.31 13.3 7.57 6.7  
      
Mean    
   Bulk density  0.97 0.92 0.87 0.99  
   %C 4.3 6.5 6.6 4.8  
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6.4.2  Soil C Stock 
The mean C stock was higher in mangrove forests (851.93 Mg C ha
-1
) 
compared to the non-forest land uses that replaced mangroves (p < 0.05, Figure 6.4). 
C stocks in the aquaculture ponds, salt pond, cleared mangrove and coconut 
plantation were only 53 %, 47 %, 48 % and 5 %, in that order, of mangrove forests. 
Among mangroves, closed mangrove forests had higher C stock (1,040 Mg C ha
-1
) 
than open canopy forests (640 Mg C ha
-1
; p < 0.05).  Mean C stock of non-forest 
land uses was 365.15 Mg C ha
-1
. Overall, the reduction in soil C stock due to land 
use conversion in mangroves ranged from 398 to 809 Mg C ha
-1
 (mean: 486.8 Mg C 
ha
-1
 ) or a decline of 57 % in soil C stock, on the average. The decrease in soil C 
stock in mangrove soil could indicate soil C losses and emissions due to the 
conversion of mangrove forests to other land uses.  
 
 
Figure 6.4 Soil C stocks of mangrove forests and their competing land uses in Honda 
Bay, Philippines  
Significant positive relationship existed between soil C stock and total soil 
depth in mangrove forests (r = 0.51, p<0.01) and their competing land uses (r = 0.71, 
p <0.01), as well as with soil salinity (mangrove: r = 0.32, p<0.05; non-mangrove: r 
= 0.45, p<0.01). There were no significant relationships between soil C stock and 
porewater pH, temperature or redox potential (Table 6.3).  
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Table 6.3 Relationship (r) between soil C stock and site variables in mangrove 
forests and competing land uses 
Variable 
 
Mangrove 
forest 
Land uses that replaced  
mangroves 
Soil depth (cm) 0.51** 0.71** 
Salinity (ppt) 0.32* 0.45** 
pH -0.05 -0.19 
Redox Potential (mV) 0.02 0.19 
Soil temperature 0.17 -0.20 
* Correlation is significant at the 0.05 level (2-tailed). 
**Correlation is significant at the 0.01 level (2-tailed) 
 
6.4.3  Mapping the Soil C Stock 
For mangrove forest, the Stable model type gave the lowest RMSE and 
highest correlation coefficient, while it was the Exponential model type for non-
forest land uses (Table 6.4). These models were then used to predict and map the 
spatial distribution of soil C stocks in the study site for the mangrove forest and non-
forest land uses, respectively. The slope of the best-fit line of the Ordinary Kriging 
model was 0.69 for mangrove and 0.73 for non-forest land uses, short of 0.31 and 
0.27, respectively, for a 1:1 ratio of predicted vs. measured values.  This means that 
the model overestimates the prediction at low values and underestimate the high 
values, which is typical of Kriging model (Johnston et al. 2001). Nevertheless, the 
overall prediction certainty is about 83.7% (RMSE = 16.3%) for mangrove and 
85.7% (RMSE = 14.3%) for competing non-forest land uses based on the normalised 
RMSE, which may be sufficient for general site-scale estimation purposes.  
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Table  6.4  Comparison of Ordinary Kriging model types applied to the dataset 
   Model type RMSE ME r 
A. Mangrove forest   
  1. Stable  346.97 13.06 0.83 
  2. Exponential 353.09 10.61 0.82 
  3. Spherical 355.04 16.71 0.82 
  4. Gaussian 354.25 14.18 0.82 
  5. Circular  356.59 14.35 0.82 
B. Non-forest land uses   
  1. Exponential 123.82 -0.13 0.76 
  2. Spherical 125.25 0.30 0.75 
  3. Stable 126.67 -0.23 0.75 
  4. Circular 126.11 0.43 0.75 
  5. Gaussian 132.45 0.41 0.72 
                RMSE =  Root Mean Square Error         ME = Mean Error     
   r = correlation/agreement of observed and predicted values 
 
Figure 6.5 shows the graphs and the parameters of the semivariogram models 
for mangrove forest and non-forest land uses. The spatial distribution map of the soil 
C stock in the study area is given in Figure 6.6.  In general, the predicted map 
showed higher soil C stocks in the central and northern part than the southern part of 
the study site. The lower soil C stock areas (<300 Mg C ha
-1
) were concentrated 
along the southern part, which was heavily altered and where built-up areas were 
mostly concentrated. In contrast, the high soil C stock areas (>1,000 Mg C ha
-1
) were 
in the northern part, where closed canopy mangroves can be found. The predicted 
map had an overall prediction accuracy of 83.7 % (RMSEP = 16.3 %) for mangrove 
forest and 85.7 % (RMSEP = 14.3 %) for non-forest land uses based from the 
normalised RMSE using the range of the measured data (sensu(Christensen et al. 
2004). Using the zonal statistics tool of ArcMap 10, the spatial mean soil C stock of 
mangrove forest was computed at 807.98 ± 194.1 (range: 46.77 – 2014.56) Mg C ha-
1
, while it was 394.53 ± 66.2 (range: 42.80 – 583.72) Mg C ha-1 for the non-forest 
land uses. 
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Fig. 6.5 Empirical semivariogram cloud (red dots) and fitted model (blue line)  
for (a) mangrove forest and (b) non-forest land uses. The model  
parameters (range et al.) are inset in each graph. 
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The soil C stock in the mangrove forest (area: 1,216 ha) of the study site was 
estimated to be about 982,503 Mg C. On the other hand, the soil C stock  in the four 
non-forest land uses (area: 178 ha)  was estimated at 70,226 Mg C.  
 
 
Figure 6.6 Predicted map of soil C stock spatial distribution in the coast of southern 
Honda Bay, Philippines 
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6.5  Discussion 
6.5.1  Soil C stocks of mangrove forests and land uses that replaced 
mangroves  
The mean C stock in mangrove forests (851.93 Mg C ha
-1
) in this study was 
significantly higher than that of the land uses that replaced mangroves (365.15 Mg C 
ha
-1
, on average). The difference in soil C stock could indicate soil C loss and C 
emission. Using a stock change approach, the  estimated soil C loss from converting 
mangrove forests to non-forest land uses was 486.78 Mg C ha
-1 
(range: 398 – 809), 
on the average. This is equivalent to an emission of 1,786.5 t CO2e ha
-1 
(range: 
1461.6 to 2971.7 t CO2e ha
-1
). The estimate of C stock in this study might be liberal 
since inorganic C was not excluded in the estimate. The high amount of soil C in 
mangrove forests could be due to the contribution of local organic matter sources in 
the site as well as from the C captured by the living organisms from external sources 
(i.e. land and adjacent coastal ecosystems) which are transported to the mangroves 
via tidal actions. 
The decline in soil %C content by 36 % when mangroves were converted to 
their competing non-forest land uses is about 1.65-fold higher compared to when 
terrestrial forests were converted to agriculture (22 %; Maraseni and Pandey (2014). 
This is probably due to the C-rich and deep soft soil of mangroves that were 
excavated and exposed when converted to other land uses. The shallow soil depths in 
the land uses that replaced mangroves are probably due to the effect of excavating 
the soft top layer of the soil during the pond preparation. Pond preparation in the 
Philippines involves the excavation of around 1.5 m mangrove soil (Thompson et al. 
2014).  
One of the obvious impacts of converting mangrove forests to non-forest land 
uses is in soil bulk density and % C content. The BD of the top 30cm soil layer in 
mangrove forest is only 0.54 g cm
-3
 as compared to 0.95 g cm
-3
 in non-forest 
competing land uses. Similarly, the top 30 cm of mangrove forest soil contains 8.8% 
mean C content compared to only 5.4% in the non-forest land uses. This is probably 
due to the land preparation involved during conversion which entails excavation of 
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the C-rich top layer of soil, about 1.5 m to 2 m in the case of aquaculture ponds (Ong 
2002; Thompson et al. 2014), usually using machine which makes the soil more 
compact. This is consistent with the observations of Kauffman et al. (2013) and 
Kauffman et al. (2016) that the soil of aquaculture pond and pasture are more 
compact and contain less % C content as compared to their adjacent mangroves.  
The relationship of total soil depth with soil C stock was evaluated using the 
Pearson’s correlation test. Their relationship is positive. This may suggest that 
mangrove soil with deeper/higher depth (e.g. 200 cm) has higher soil C stock than 
those with shallower/lower depth (e.g. 80 cm). This is expected since soil C stock is 
first computed from the product of %C, Bulk density and soil depth interval and then 
added together to get the total soil C stock. 
The soil C stocks of mangrove forests reported here (i.e. 640.1 Mg C ha
-1
  for 
open canopy mangrove forest and 1,040.2 Mg C ha
-1
  for closed canopy mangrove) 
are within the range reported in mangrove literature (Donato et al. 2011; Kauffman et 
al. 2011; Adame et al. 2013; DelVecchia et al. 2014; Hossain 2014; Jones et al. 2014; 
Thompson et al. 2014; Wang et al. 2014; Adame et al. 2015; Murdiyarso et al. 2015; 
Phang et al. 2015; Vien et al. 2016); Table 6.5).  In addition, the mean mangrove 
forest C stock (851.93 Mg C ha
-1
 ) in this study is higher by 135 Mg C ha
-1 
when 
compared to the global mean soil C stock (~717 Mg C ha
-1 
out of the 956 Mg C ha
-1
) 
which also considered the total depth of mangrove soil (Alongi 2014). Furthermore, 
the study’s mean C stock is also higher by 68.43 MgC ha-1  when compared to the 
mangrove mean soil C stock in the Indo-Pacific region (783.5 MgC ha
-1
; Donato et 
al. (2011); higher by 229 Mg C ha
-1
  to mangroves in Vietnam (Tue et al. (2014) but 
very similar to the mean soil C stock of Indonesian mangroves (848.9 Mg C ha
-1
; 
Murdiyarso et al. (2015). However, when only the top 1 m of the soil was 
considered, mean mangrove soil C stock in this study (347.6 Mg C ha
-1
) is lower as 
compared to the global average of 471 Mg C ha
-1
  as reported by IPCC  (Hiraishi et 
al. 2014).   
For non-forest land uses, the soil C stocks of abandoned aquaculture pond in 
the present study (454 Mg C ha
-1
) is higher than the abandoned aquaculture pond in 
India (Bhomia et al. 2016) which had only 61 Mg C ha
-1
  and 95.5 Mg C ha
-1
  in 
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Dominican Republic (Kauffman et al. 2013), but comparable to the C stock of cattle 
pastures on former mangrove (437 MgC ha
-1
) in Mexico (Kauffman et al. 2016); 
Table 5).  
Table 6.5 Some of the reported soil carbon (C) stock and depth of mangrove and 
non-forest land uses 
 Location  Land use  Soil C Stock 
(Mg C ha
-1
) 
 Soil depth 
(cm) 
 Reference 
Borneo Mangrove 813.9 – 1,255 300 Donato et al. (2011) 
Bangladesh   
  (Sundarbans) 
Mangrove 386 - 491.8 300 Donato et al. (2011) 
Palau Mangrove  520.6 117 Donato et al. (2011) 
Micronesia (Kosrae)  Mangrove 427.5-1222.3 74 -299 Donato et al. (2011) 
Mexico (Quitana Roo) Mangrove 286 – 1,166 <200 Adame et al (2013) 
Mexico (Chiapas) Mangrove 505.9 <200 Adame et al. (2015) 
Dominican Republic  
   (Montecristi) 
Mangrove 753 174.3 Kauffman et al. 
(2013) 
Malaysia (Selangor) Mangrove 488.04 100 Hossain (2014) 
Madagascar    
   (Mahajamba) 
Mangrove 429.2 150 Jones et al. (2014) 
Ecuador (Esmeraldas) Mangrove 365 100 DelVecchia et al. 
(2014) 
China (Guandong) Mangrove 197.28-270.27 100 Wang et al. (2014) 
Mozambique (Sofala  
    Bay) 
Mangrove  160 100 Sitoe et al. (2014) 
Vietnam (Mui Ca Mau) Mangrove  622.7 250 Tue et al. (2014) 
Philippines 
(Aklan/Iloilo) 
Mangrove  206.5 150 Thompson et al. 
(2014) 
Mexico  
   (Tabasco/Campeche) 
Mangrove 1107.43 300 Kauffman et al. 
(2016) 
Indonesia (Cilacap and 
Tanjung Puting) 
Mangrove 571.6 -1059.2 211-300 Murdiyarso et al. 
(2015) 
Singapore (Chek Jawa) Mangrove  307 100 Phang et al. (2015) 
Vietnam (Cau Mau) Mangrove 759.9 300 Vien et al. (2016) 
India (Odisha) Mangrove  155.5 152 Bhomia et al. 
(2016) 
Philippines (Puerto  
    Princesa) 
Mangrove  640 - 1040.21 103 - 255.6 This study 
Dominican Republic  
   (Montecristi) 
Abandoned shrimp 
pond 
95.5 71.3 Kauffman et al. 
(2013) 
Mexico  
   (Tabasco/Campeche) 
Cattle Pasture 437 300 Kauffman et al. 
(2016) 
India (Odisha) Abandoned 
aquaculture pond 
61 70 Bhomia et al. 
(2016) 
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The results of the study have also shown the good potential of the GIS-based 
Ordinary Kriging approach for mapping the soil C stocks in mangrove areas 
(accuracy of 85%). The result is within the range reported in the literature (Mishra et 
al. 2009; Umali et al. 2012). However, some portions of the study area were far from 
the locations which were sampled due to resources constraint and therefore the 
estimate in that portion may be associated with higher prediction errors compared to 
those portions near the sampled locations. Future studies should consider to evenly 
distribute the plots to reduce the prediction errors. The use of this GIS-based Kriging 
method for mangrove soil C stock mapping complements the biomass C mapping 
using remote sensing techniques. Together, the two methods play an important role 
for mapping the ecosystem (biomass plus soil) C stocks in mangrove areas for the 
first time. The soil C stock distribution map produced in the present study could 
guide coastal managers to pinpoint high soil C stock areas in  prioritising  
conservation and protection efforts. This is relevant to current schemes to combat 
emissions from land use change such as REDD+.  
6.5.2  Implications for management and conservation 
Primavera and Esteban (2008) reported that around 50 % of the 279,000 ha 
mangrove lost in the Philippines during the period 1951-1988 was due to conversion 
to aquaculture. Using the emission factor derived from this study (1,786.5 t CO2e ha
-
1
), it is estimated that the emission due to soil C loss from mangrove conversion to 
aquaculture during 1951-1988 was about 249.21 Mt CO2e. This is assuming that the 
soil C stocks of mangroves and the competing land uses studied here are 
representative of the whole country. On the same vein, during 2001-2012, 
Philippines lost some 1,157 ha of mangrove forest to aquaculture (522.8 ha), 
deforestation (464.8 ha), palm plantation (157.5 ha) and rice cultivation (12.4 ha) 
(Richards & Friess 2016). Again, using the study’s emission factor from soil C loss, 
the potential emission estimate from these mangrove conversions during the period 
was 2.07 Mt CO2e. Together, these emissions from mangrove conversion to non-
forest land uses, estimated at 251.3 Mt CO2e, add considerably to the alarming 
increased CO2 concentration in the atmosphere.  
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Furthermore, it is of paramount importance to protect and manage the 
mangrove forests and the blue carbon they store from conversion to other land uses 
due to the numerous coastal protections they offer to the coastal communities 
especially during strong typhoon and tsunami events. These benefits are in addition 
to opportunities for additional funds being developed in the global scene as part of 
climate change mitigation (Howard et al. 2014).  
6.6  Conclusion 
While the importance of mangrove forest as a huge storage of C is 
increasingly being recognised, the deforestation of mangrove forests and their 
conversion to other land uses still continue. In this study, the mean soil C stock of 
mangrove forest was estimated to be 851.93 Mg C ha
-1
 while their competing non-
forest land uses contain only 365.15 Mg C ha-
1
. The decrease/loss in soil C of 57 % 
indicates C emission. When mangrove forests are lost and converted to other land 
uses, not only the stored C is lost and released to the atmosphere. The conversion 
also significantly reduced the ecosystem goods and services provided by mangroves 
such as biodiversity, habitat for marine organisms and coastal protection. This makes 
mangrove forests fit into Payment for Ecosystem Services schemes such as REDD+ 
that provide monetary incentives for the lost income made from the competing land 
uses of mangroves. Communities and landowners could tap into those schemes to 
protect their existing mangrove forests from conversion to other land uses, reduce the 
C emissions and benefit from the myriad of goods and services that mangrove forests 
provide.   
The next Chapter presents a comparison of the soil-atmosphere fluxes of 
greenhouse gases CO2, CH4 and N2O in mangrove forests and land uses that replaced 
mangroves as well as the magnitude of changes in soil GHG fluxes owing to 
mangrove conversion. 
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 Chapter 7 
SOIL GREENHOUSE GAS FLUXES IN TROPICAL 
MANGROVE FORESTS AND IN LAND USES ON 
DEFORESTED MANGROVE LANDS 
7.1  Introduction 
The limited knowledge about the impact of mangrove conversion on soil C 
stock and GHG fluxes in mangroves is highlighted in the Review of Literature. Such 
information is important for estimating C losses and emissions owing to mangrove 
conversion. The previous Chapter examined the soil C stocks of mangroves and the 
land uses that replaced them, the C losses arising from mangrove conversion, and the 
potential of geostatistical technique, Ordinary Kriging, to map the soil C stocks in 
mangrove area.  
In this Chapter, the soil fluxes of CO2, CH4 and N2O were examined under 
mangrove forests and compared with four non-forest land uses that replaced 
mangroves (i.e. abandoned aquaculture ponds, coconut plantations, abandoned salt 
ponds and cleared mangroves). Specifically, the objectives were to: 1) quantify the 
fluxes of CO2, N2O and CH4 in mangrove forests and non-forest land uses that 
replaced mangroves; 2) determine the relationship of these GHGs with selected 
environmental site variables; and 3) evaluate the accuracy of the output from GIS-
based spatial modelling/interpolation and mapping of GHG fluxes.  
This Chapter is organised into six sections. Section 7.2 gives the background 
literature on mangrove conversion and soil-atmosphere fluxes of greenhouse gases in 
mangrove area. Section 7.3 provides the Methods of the study, while Section 7.4 
presents the Results. Section 7.5 discusses and interprets the results of the study. 
Finally, the Chapter ends with Section 7.6 that provides the conclusion. 
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The novelty and significant contributions of this Chapter include: 1) the 
evaluation of all the three major GHGs (CO2, CH4 and N2O) of not only from 
mangrove forests but also in replacement land uses; and 2) the application of GIS-
based geostatistical technique for mapping the soil fluxes of each of the three GHGs 
and their combined fluxes.  
7.2  Land use conversion and soil-atmosphere fluxes of 
greenhouse gases in mangrove areas 
Mangrove forests are important ecosystems inhabiting the coastal wetland of 
tropical and subtropical countries. They provide timber and other construction 
materials, fuelwood, fishery products and performs critical ecological functions such 
as biodiversity conservation, storm protection, sediment regulation, and coastal 
stabilisation, among others (Koch et al. 2009; Barbier et al. 2011; Salmo et al. 2013). 
Recently, mangroves have been increasingly recognised as among the most carbon 
dense tropical forests (Murdiyarso et al. 2010; Kauffman et al. 2011; Adame et al. 
2013; Murdiyarso et al. 2015; Bhomia et al. 2016). Southeast Asian countries hold 
>30% of the remaining mangroves in the world, estimated to be between 13,776,000 
and 15,236,000 ha (Spalding et al. 2010; Giri et al. 2011).  
On a global scale, approximately 3.6 million ha of mangroves had been 
deforested and converted to other land uses since 1980. However, deforestation rate 
has declined to 102,000 ha yr
-1
 during the period 2000-2005 from 185,000 ha yr
-1
 in 
the 1980s (FAO 2007). In Southeast Asia, recent estimates of mangrove 
deforestation and land use conversion were about 9,535 ha per year during the period 
2000-2012, mostly to make way mostly for aquaculture, rice farms and oil palm 
plantations   (Richards & Friess 2016).     
Among the drivers of global mangrove loss are overexploitation, conversion 
of mangroves to aquaculture, agriculture, urban, tourism and industrial developments 
in the coastal area (Alongi 2002; Giri et al. 2011; Murdiyarso et al. 2013; Richards & 
Friess 2016). In the Philippines, for example, conversion of mangroves to 
aquaculture ponds is considered the main reason for mangrove loss. Other causes are 
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overexploitation and conversion to other non-forest land uses such as agriculture, salt 
ponds and settlements (Primavera & Esteban 2008). Mangrove clearing and land 
reclamation results in the emission of stored carbon (C) in the form of CO2 and other 
GHG through oxidation (Lovelock et al. 2011). Also, aquaculture and agriculture add 
nutrients to the system in the form of feeds and fertilisers, respectively, which can 
enhance the metabolism of soil microorganisms resulting in the emissions of N2O 
and CH4 (Chen et al. 2010).  
Carbon dioxide, CH4 and N2O are the three main GHGs being monitored in 
the land use sector by the International Governmental Panel on Climate Change since 
1990 (IPCC 2013). Accurate reporting of GHG emissions from wetlands is, 
therefore, essential for regional and national emissions inventories. Compared to 
tropical peatlands (Hadi et al. 2005; Hergoualc'h & Verchot 2011; Hergoualc'h & 
Verchot 2012), the effects of mangrove land use conversion on soil fluxes of the 
three GHGs are not yet fully understood. For mangroves, the soil GHG fluxes could 
be minimal to substantial depending on anthropogenic influences (Chen et al. 2010; 
Chen et al. 2014).  
Several soil and vegetation characteristics (referred to in this Chapter as 
environmental site variables) are reported to influence the GHG fluxes in mangrove 
soil. For instance, CO2 fluxes are related to soil organic matter content, soil moisture 
content, redox potential, salinity and porosity (Chen et al. 2010; Chen et al. 2014), 
and Leaf Area Index (Lovelock 2008). CH4 fluxes in wetlands are related to salinity 
(Purvaja & Ramesh 2001; Allen et al. 2011; Poffenbarger et al. 2011). Furthermore, 
N2O flux is influenced by nitrate loading, salinity and porosity (Allen et al. 2007; 
Chen et al. 2010; Howard et al. 2014).  
The soil fluxes of the three GHGs, however, have not been measured 
simultaneously in non-forest land uses in deforested mangroves along with the 
mangrove forest that they replaced. Fluxes of CH4 and N2O have not been assessed 
for aquaculture ponds, salt ponds and coconut plantations that are formerly occupied 
by mangroves as well as in mangrove areas that were cleared of vegetation. 
Simultaneous measurements of the three GHG fluxes is necessary to evaluate their 
relative importance (Cobb et al. 2012).  
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Furthermore, site-scale information on the spatial variation of soil GHG 
fluxes is needed in order to identify priority areas for management intervention. 
Available studies on GHG fluxes in coastal wetlands are based on few plots from 
which the spatial variation in the entire study site is inferred. Maps of soil GHG 
fluxes produced from modelling the spatial variation of the soil GHG fluxes is, 
therefore, essential for designing effective programs aimed at reducing GHG 
emissions from soil.   
7.3  Methods 
7.3.1  Site description 
The soil GHG emissions of mangrove forests and the non-forest land uses 
that replaced mangroves were investigated in Honda Bay. A summary of the 
characteristics of the land uses of the study site is shown in Table 7.1. Honda Bay’s 
southern coast is lined with a contiguous mangrove forests, running north to south of 
the study site. The mangroves are interspersed with non-forest land uses such as 
agriculture, aquaculture, and built-up areas/settlements especially in the central and 
southern portion of the study site. More details of the study site are presented in 
Chapter 3. 
More details of the study site are presented in Chapter 3 while a summary of 
the characteristics of the land uses of the study sites is shown in Table 7.1.  
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Table 7.1 Characteristics of sampling sites in Honda Bay, Palawan, Philippines;  
data are mean values 
 
Land use/site 
Dominant 
Species 
Tree 
density 
(Individuals 
ha-1) 
Basal Area 
(m2 ha-1) 
Salinity 
(ppt) 
 
Location 
Closed canopy mangrove 
 
 
 
 
   Bacungan 
Rhizophora 
apiculata 1,890 9.9 16.8 N9.903
0 , E118.74376 
   Santa Cruz R. mucronata 1,429 11.5 21 N9.93048
0,  E118.755130 
   Salvacion R. apiculata 1,544 13 22.6 N9.93953
0, E118.80020 
Open canopy mangrove 
 
 
 
 
   Tagburos  R. apiculata 772 1.6 32 N9.86631
0, E118.742910 
   Santa Lourdes R. apiculata 963 11.9 21.9 N9.86631
0, E118.742910 
   San Jose  Ceriops tagal 859 4.4 79.3 N9.80515
0, E118.766050 
Abandoned aquaculture pond 
 
 
 
 
   San Jose  None 0 0.0 26.7 N9.80615
0, E118.755750 
   Tagburos a None 0 0.0 34.9 N9.81263
0, E118.749710 
   Tagburos b R. apiculata 119 0.03 39.2 N9.83698
0, E118.740350 
Coconut plantation 
 
 
 
 
   Tagburos  Cocos nucifera 346 3.2 16.1 N9.814483
0, E118.745750 
Abandoned Salt pond 
 
 
 
 
   Tagburos  None  0 0 53.8 N9.83433
0, E118.740260 
Cleared mangrove 
 
 
 
 
   San Jose  None  0 0 68.2 
N9.808130, E118.756780 
 
7.3.2  Field sampling design and soil GHG fluxes study process 
Mangrove forests (represented by closed canopy mangrove and open canopy 
mangrove forests), along with non-forest land uses in deforested mangrove lands 
(represented by abandoned aquaculture ponds, coconut plantations, abandoned salt 
ponds and cleared mangroves), were used in this study. The study site was stratified 
based on land use. In each land use, sites were selected through simple random 
sampling. The mangrove forest had three sites for closed canopy forests and another 
three sites for open canopy mangroves. The land uses that replaced mangroves also 
had three sites for abandoned aquaculture ponds. However, the non-aquaculture land 
uses (i.e. coconut plantation, abandoned salt pond and cleared mangrove) had only 
one site each due to access restriction to other coconut plantations and absence of 
other sites for abandoned salt pond and cleared mangrove. 
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Within the mangrove forest, three transects were established, except for one 
thin open canopy mangrove forest (width: 20-25 m) where only two transects were 
established. Each transect was established near the sea margin (seaward), 
middle/midstream and near the land (landward) to cover the natural tidal gradient in 
mangrove forests (cf. (Kauffman & Donato 2012). In each mangrove transect, three 
circular plots with 7-m radii were established and positioned 50 m apart along a line 
parallel to the coast. For non-forest replacement land uses, however, only two 
transects were established for each site, but each transect had the same three 7m-radii 
circular plots, spaced about 25 m apart. In each of the mangrove and non-mangrove 
plots, two random points at least 1 m apart were selected for soil GHG flux 
measurement. The whole process of soil GHG fluxes study is summarised in Figure 
7.1. 
 
Figure 7.1 Input-Process-Output model for soil GHG fluxes study 
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7.3.3  Gas sampling and flux determination 
As the land uses are subjected to regular tidal inundation, the soil gas 
measurements and sampling were done during daytime low tide period. A survey-
type LiCor 8100A Automated Soil CO2 Flux System (LiCor Corp, USA) was used to 
measure the soil CO2 fluxes, in situ (Figure 7.2). The system is composed of an 
analyser control unit containing the infrared gas analyser, 10 cm chamber, a 
computer and soil collar. The soil collars, made up of 10 cm diameter and 9 cm 
height PVC pipes, were driven 3 cm deep into the soil. The soil gas flux chamber 
was placed on top of the collar to start the measurement. CO2 fluxes were measured 
in situ, following manufacturer’s manual. 
Gas samples for CH4 and N2O analyses were also collected through the gas 
sampling kit which was appended to the LICOR instrument. Samples were drawn 
from the kit using a 60-ml syringe at 0-, 1-, 2- and 3- minute intervals after the 
system has started recording the in situ CO2 concentration. The collected samples 
were then injected to labelled pre-evacuated glass vials with 35 ml volume capacity. 
Samples were sent to the Gas Chromatography Laboratory of the International Rice 
Research Institute (IRRI) in Los Baños, Philippines for the analyses of GHG 
concentrations. The CH4 and N2O concentrations were analysed and quantified using 
a gas chromatograph (SRI Greenhouse GC System, Germany) equipped with 
electron capture detector, flame ionisation, and methanizer. Flux rates were 
calculated based on the rate of change in gas concentrations per unit time and the 
total volume of the chamber per unit soil area. using the following equation 
(Pumpanen et al. 2004; Howard et al. 2014; Warner et al. 2017): 
  (
  
  
) (
  
  
) 
 
(             )
 
where F is the flux of a gas, dC/dt is the change in concentration over time 
(ppm s
-1
), Vc is the volume of the system in liters, Ac is the chamber area in m
-2
, P is 
the atmospheric pressure (assumed to be 1 atm), R is the Universal gas constant 
(0.0820 L*atm/mol*K), T is the measured soil temperature (
o
C), and 273.15 is the 
conversion factor from Celsius to Kelvin. 
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 GHG fluxes were converted to a common unit (i.e. CO2-equivalent, CO2e) to 
compare and add them together using the Global Warming Potential of 28 for CH4 
and 265 for N2O set by the Intergovernmental Panel on Climate Change (IPCC 
2013). 
 
a 
 
b 
  
 
c 
 
d 
  
 
e 
 
f 
  
Figure 7.2 LICOR soil flux system consisting of a) analyser control unit, b) flux 
chamber, c) soil collar, d) laptop computer, e) soil temperature probe set, and f) soil 
GHG flux measurements in abandoned salt pond. 
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7.3.4  Ancillary measurements 
Soil temperature, redox potential and pH were also simultaneously measured 
in each plot using a hand-held Aqua pH-mV-temperature meter (Aqua pH 2.2, TPS, 
Australia). The salinity of porewater was measured using a refractometer (Vee Gee 
STX-3, USA) after suctioning the same with a syringe. These variables were 
measured at a depth of 30 cm. The geographic coordinates of each plot were 
determined using a hand-held Garmin GPS receiver.   
Vegetation canopy variables such as Leaf Area Index (LAI) and canopy gap 
fraction were measured using CI-110 Plant Canopy Imager (CID Bio-Science, USA).  
Tree density and basal area were determined in each plot. Biomass data was taken 
from Chapter 4 of this thesis. Tree density is the number of tree individuals in a plot 
while basal area per plot is the sum of all tree basal area [= 0.7854 x (tree diameter)
2
] 
in a plot. Biomass was computed using allometric equations for each species (Brown 
1997; Komiyama et al. 2008).  
Soil C stock data was collected from the same study site and taken from 
Chapter 6 of this thesis. Soil C stock was computed as the product of bulk density, % 
C and soil depth interval. Soil samples were sectioned at 0-15 cm, 15-30 cm, 30-50 
cm, 50-100 cm, and >100 cm if marine sediments/sands or impenetrable rocks were 
not encountered before the 100-cm depth (Kauffman et al. 2013; Bhomia et al. 2016; 
Kauffman et al. 2016). The soil cores were taken in an undisturbed location near the 
plot centre using an open-face auger capable of obtaining a sample up to a depth of 
300 cm. Only one soil core per plot was obtained. Soil depth to parent material was 
measured three times near the plot centre by driving a 3-m graduated aluminium rod. 
The sampling procedure for soil C stock assessment was discussed thoroughly in 
Chapter 6, Castillo et al. (2017), Kauffman and Donato (2012), Howard et al. (2014) 
and Maraseni et al. (2008). 
7.3.5  Statistical Analysis 
Differences in fluxes of CO2, CH4 and N2O between mangrove and the non-
forest land uses that replaced mangroves were tested using Welch’s Test Analysis of 
Variance (ANOVA). If the main effect (land use) was significant, Games-Howell 
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posthoc test was applied to determine differences among means. Normality and 
symmetry were assessed by visual inspection of histogram and box plot. Plot was the 
unit of replication used. Pearson’s correlation coefficient was determined to assess 
the relationship between GHG fluxes and environmental parameters. Statistical 
analyses were run using IBM SPSS Statistics for Windows, version 22 (IBM Corp., 
USA).  
7.3.6  Mapping/Spatial modelling of soil GHG fluxes   
Geostatistical technique, particularly Ordinary Kriging (Mishra et al. 2009; 
Umali et al. 2012; Kucuker et al. 2015), was used to model the site-scale spatial 
variation of soil GHG fluxes in the study site. This technique was also used to predict 
the soil GHG fluxes at un-sampled locations. The extent of current mangrove cover 
in the study area, which was used for the spatial interpolation, was digitised from a 
high-resolution image of the study site as viewed in Google Earth (Google Inc., 
USA).  Ordinary Kriging was implemented using the following equation. A detailed 
theoretical description of Ordinary Kriging has been discussed in  Johnston et al. 
(2001).  
 ̂      ∑         
 
   
 
where: 
 ̂     is the estimate of soil GHG fluxes (µmol m
-2 s-1) at location     
Z     is the measured value of soil GHG fluxes at    locations 
    are weights of measured samples at    locations surrounding location    
The spatial modelling and analysis of the GHG fluxes were implemented 
using Geostatistical Analyst and Spatial Analyst extensions of ArcGIS 10.3 (ESRI, 
USA) using 10 m x 10 m pixel size.  At least five runs were made to model the site-
scale spatial variation of fluxes of each GHG. Cross-validation was done in each run 
using the Leave-One-Out (LOO) approach to determine how well the model 
predicted the unknown values based on Root Mean Square Error (RMSE), among 
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other measures of prediction accuracy.  In this approach, each measured data/sample 
was excluded sequentially while a model was built using the remaining data/samples 
in order to predict the value of the excluded sample. To estimate the errors, the 
predicted value was then compared to the measured value (Johnston et al. 2001; He 
& Guo 2006; Jachowski et al. 2013). In this study, the model with the lowest RMSE 
was selected and used for further GIS processing required for the spatial 
interpolation task. RMSE is defined by the equation: 
      √
 
 
∑         
 
   
 
where:  
xi = measured soil GHG flux value of the i
th
 sample 
yi = predicted soil GHG flux value. 
 
7.4  Results 
7.4.1  GHG fluxes 
The mean CO2 emission varied significantly between mangrove forests (0.24 
to 9.25 mol m-2 s-1) and non-forest land uses that replaced mangroves (0.07 to 4.32 
mol m-2 s-1; P < 0.001; Figure 7.3). The mean CO2 emission rate in mangrove 
forests (2.90 mol m-2 s-1) was 61.2 % higher than the non-forest land uses 
(1.12mol m-2 s-1, P < 0.001). The mean emission rate in non-forest land uses was 
highest in the abandoned salt pond (2.25 mol m-2 s-1) and lowest under the cleared 
mangroves and the coconut plantation which are both below 0.50 mol m-2 s-1. Soil 
under mangrove forests was a net source of CO2. The non-forest land uses were also 
a net source of CO2 although in lower emission rates.  
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Figure 7.3 CO2 fluxes in soils under mangrove forest and non-forest land uses that 
replaced mangroves. 
 
For CH4, the mean fluxes ranged from 4.55 to 7.64 mol m
-2 
h
-1
 under 
mangrove forests, and from -5.95 to 17.53 mol m-2 h-1 under non-forest land uses. 
The mean CH4 emission in mangrove forests (6.15 mol m
-2 
h
-1
) was higher by 84.8 
%, on the average, as compared to non-forest land use types (0.93 mol m-2 h-1), but 
not statistically significantly different (P > 0.05; Figure 7.4). The soil of mangrove 
forests was a net source of CH4. The response of mangrove soil CH4 flux to land use 
conversion was variable: a) net sink/consumer in the case of abandoned aquaculture 
ponds, and b) net source/producer in the case of the cleared mangrove, the coconut 
plantation and the abandoned salt pond.   
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Figure 7.4 CH4 fluxes in soils under mangrove forest and non-forest land uses that 
replaced mangroves 
 
The mean fluxes of N2O across all land uses ranged from -0.67 to 5.54 mol 
m
-2 
h
-1
. The mean emission in mangrove forests was only 0.01 mol m-2 h-1 and was 
38 times lower than non-forest land uses (0.49 mol m-2 h-1), albeit the difference 
was also not significantly different (P > 0.05; Figure 7.5). Among non-forest land 
uses that replaced mangroves, the abandoned salt pond had the highest mean 
emission rate (5.54 mol m-2 h-1) followed by abandoned aquaculture ponds (0.33 
mol m-2 h-1). On average, all sites were net sources of N2O, although N2O emissions 
tended to be higher in magnitude for non-forest land uses. 
 
Figure 7.5 N2O fluxes in soils under mangrove forest and non-forest land uses that 
replaced mangroves 
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All converted land uses were net sources of GHGs, although in varying 
magnitude; highest from the abandoned salt pond, followed by abandoned 
aquaculture ponds. The abandoned salt pond was found to have higher emission as 
compared to open canopy mangrove forests (Table 7.2). The coconut plantation had 
the least soil GHG emission among the non-forest land uses. CO2 was still the 
dominant gas before and after conversion, accounting for 99% in mangrove forests 
and 97% in land uses that replaced mangroves. The CH4 and N2O fluxes accounted 
for 0.59 % and 0.04 % of the total emissions in mangrove forests as compared to 
0.23 % and 3.07 %, respectively, for non-forest land uses.  In general, the total 
emission in mangrove forests was 2.5 times higher than non-forest land uses. Soil 
fluxes of CO2 and CH4 decreased by 2.6 and 6.6 times, respectively, while that of 
N2O increased by 34 times in non-forest land uses as compared to mangrove forests.  
 
Table 7.2 Mean soil GHG fluxes (± SE) and their total in mangrove forest and non-
forest replacement land uses in deforested mangrove lands  
Land use Flux (kg CO2e ha
-1 day-1) 
 
CO2
 CH4
 N2O
 Total 
    
Mangrove forest 110.25±10.42 0.66±0.21 0.04±3.81 110.94 
 n = 49 n = 29 n = 29  
     
Replacement land uses 42.77±8.73 0.10±0.50 1.36±5.00 44.23 
 n = 32 n = 16 n = 16  
     
       Abandoned aquaculture pond 43.45±10.19 -0.64±0.37 0.91±5.89 43.72 
 n = 15 n = 7 n = 7  
     
       Coconut plantation 15.47±2.74 0.08±0.28 -13.40±0.06 2.16 
 n = 6 n = 3 n = 3  
     
       Abandoned salt pond 85.65±27.08 1.88±2.29 15.50±14.17 103.03 
 n = 7 n = 3 n = 3  
     
       Cleared mangrove 6.08±1.68 0.05±0.18 -1.88±14.65 4.26 
 n = 4 n = 3 n = 3  
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7.4.2  Relationship between GHG fluxes and environmental variables 
In mangrove forests, the CO2 fluxes were significantly correlated to tree 
density (P < 0.05), leaf area index (P < 0.01) and canopy gap fraction (P < 0.01). 
LAI, canopy gap fraction and tree density all had moderate relationships with CO2.  
LAI could only explain 15% of the variability of CO2 fluxes among plots of 
mangroves forests. For non-forest land uses, no site variables were correlated with 
CO2 fluxes. CO2 fluxes from both mangrove forests and non-forest land uses were 
not related to carbon content (%C) of the surface soil (0-15cm), pore water salinity or 
soil depth (Table 7.3). 
 
Table 7.3 Pearson’s correlation coefficient (r) between site variables and GHG fluxes 
in soils under mangrove forests and non-forest land uses that replaced mangroves 
 
Site variables 
CO2
 
CH4 N2O 
Mangrove 
forests 
Non-forest 
land uses 
Mangrove 
forests 
Non-forest 
land uses 
Mangrove 
forests 
Non-forest 
land uses 
       
Tree density 0.333
*
 n.a 0.112 n.a 0.384
*
 n.a 
Basal area 0.112 n.a -0.04 n.a -0.049 n.a 
Biomass C stock 0.147 n.a -0.026 n.a -0.073 n.a 
Soil C stock 0.202 .121 .485
**
 -0.086 -0.03 -0.073 
Soil Depth 0.234 .236 .379
*
 -0.273 -0.019 0.052 
Bulk Density -0.072 .051 0.147 0.292 -0.116 -0.39 
Mean %C / Mean %N
1 
0.003 .068 -0.179 -0.181 0.103 0.538* 
%C 0-15 / %N 0-15
1 
-0.358 -.332 -0.301 0.227 0.406* 0.70* 
Porewater Salinity -0.278 -.068 -.496
**
 0.15 0.042 0.178 
Porewater pH -0.120 -.026 -0.062 0.036 -0.278 -0.458 
Porewater redox 
potential 0.293 .021 0.064 -0.037 0.257 0.46 
Leaf Area Index 0.392
**
 n.a 0.196 n.a 0.048 n.a 
Photosynthetically 
Active Radiation -0.256 n.a -.404
*
 n.a -0.071 n.a 
Canopy gap fraction -0.367
**
 n.a -0.203 n.a -0.054 n.a 
*significant at 0.05 alpha level    **significant at 0.01 alpha level 
1
Mean %N and %N 0-15 applied only to N2O, n.a. = not applicable 
 
The mean fluxes of CH4 in mangrove soil were positively correlated to soil C 
stock and soil depth, and negatively correlated to porewater salinity and 
photosynthetically active radiation (P<0.05). Porewater salinity and soil C stock 
accounted for 25 % and 24 % of the variation of CH4 fluxes. Such relationships were 
not observed in the non-forest land uses (Table 7.3).  
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Fluxes of N2O in soil under mangrove forests were correlated with tree 
density and %N (0-15 cm), but not with the other variables (P < 0.05). In non-forest 
land uses, there was a significant positive correlation between N2O fluxes and % N 
(0-15 cm), as well as with mean % N (P < 0.05). 
7.4.3  Modelling the spatial variation of GHG fluxes  
The semi-variograms of fluxes for CO2, CH4, N2O and CO2e are given in 
Table 7.4. The overall prediction accuracies obtained were 82.4 % for CO2, 79.8 % 
for CH4, 75.3 % for N2O and 83 % for combined fluxes in CO2e, based on the 
normalised root mean square error (RMSE). The RMSE for CO2, CH4, N2O and 
CO2e fluxes were 1.62 mol m
-2 
s
-1
, 15.163 mol m-2 h-1, 7.44 mol m-2 h-1 and 65.04 
kgCO2e ha
-1
 day
-1
, respectively.  
Table 7.4 Best fit model semi-variograms for Kriging analysis 
Variable  Model Nugget Range (m) Partial Sill No. of 
lags 
Lag size 
(m) 
CO2 Exponential 0 69.28 1.83 8 8.66 
CH4 Exponential 0 296.49 333.72 10 29.64 
N2O Stable 36.33 10,813.72 35.82 12 980 
CO2e Exponential 0 64 3,204.35 8 8 
 
 
The southern portion of the study site was found to have lower CO2 emission 
as compared to the middle and northern parts (Figure 7.6). On the other hand, the 
northernmost section of the study site was observed to have higher CH4 emission 
rates as compared to its middle and southern portions. Meanwhile, the middle 
segment of the study site was found to have higher N2O emission rates as compared 
to its northern and southern parts. Overall, when the three GHGs were brought to a 
common unit and combined, it was clear that the middle and northern areas had 
higher flux rates as compared to the southern part (Figure 7.6). 
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(a) (b) 
 
  
(c) (d) 
Figure 7.6 Modelled spatial variation of GHG fluxes in the study site using GIS-
based Ordinary Kriging. Fluxes of (a) CO2 is in mol m
-2
 s
-1
; (b) CH4 and       (c) 
N2O are in mol m
-2
 h
-1
; and (d) combined flux is in kg CO2e ha
-1
 day
-1
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7.5  Discussion 
7.5.1  Soil GHG emissions in mangrove forests and land uses that 
replaced mangroves 
The mean CO2 flux in mangrove forests is higher than non-forest land uses. 
The combined autotrophic and heterotrophic respirations in mangrove forest could 
probably explain the higher CO2 fluxes in mangrove forests. In contrast, only 
heterotrophic respiration occurs in land uses that replaced mangroves which are 
devoid of vegetation. Coincidentally, mangroves’ soil C stock is also higher as 
compared to non-forest land uses. Moreover, the higher flux in N2O in the non-forest 
land uses especially in abandoned salt ponds could probably be due to the presence 
of decomposed feeds in the pond floor and the ponds’ proximity to human 
settlements, the discharges of which are sources of nitrogen (IPCC 2014c). 
Furthermore, the observed decrease of CH4 fluxes in non-forest land uses as 
compared to mangrove forests could be probably due to increased soil drainage. The 
modification of soil surface elevation in the non-forest land uses including the 
embankment/levee and canals could have reduced the entry of tidal waters and the 
inundation period in these systems, and increased the soil drainage. In terrestrial 
peatland, the methane fluxes were observed to exhibit exponential response to 
changes in water table depth, before and after the peatland conversion, suggesting 
higher CH4 emission with reduced drainage (Hergoualc'h & Verchot 2012).    
Total emission per hectare in mangrove forest is greater by 2.5 times (66 %) 
than non-forest land uses. This is probably due to higher CO2 emissions in 
mangroves as well as the large proportion (>95%) of CO2 in the total GHG flux. In 
addition, the non-forest land uses are now abandoned and unmanaged, but they could 
have even higher N2O fluxes where they are still are actively managed. For example, 
adding nutrients to the soil, in the form of feeds to nurture shrimps/fish and fertilisers 
to enhance coconut growth, could increase soil N2O fluxes.  
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Very few studies have simultaneously measured the fluxes of three GHG 
gases in the mangrove soil and in land-uses that are formerly occupied by 
mangroves. In this study, the mean estimates for the fluxes of the three GHGs under 
mangrove forests fell within the range reported in the literature (Table 7.5). The 
GHG flux estimates in this study are five times higher as compared to the fluxes of 
pristine mangrove forest in Indonesia (Chen et al. 2014) but in the lower limit of the 
summer GHG fluxes of mangroves in Shenzhen and Hong Kong in southern China 
(Chen et al. 2010).  
The mean CO2 flux in this study is comparable to the average flux of 
undisturbed mangroves in Queensland and Western Australia (Lovelock 2008) but 
higher than the mean values (68.96 mmol m
-2 
day
-1
; n = 75) from mangrove forests 
worldwide (Alongi 2009). The measured CO2 fluxes in this study are probably 
conservative since the measurement was done in the rainy season (July). In India, 
fluxes of CO2 were lower during rainy season as compared to dry/summer season 
(Chanda et al. 2014). However, such observation was not the same case in Thailand 
where the dry and wet season fluxes were comparable (Poungparn et al. 2009). 
Further studies are, therefore, needed to evaluate if there is seasonal variation in CO2 
flux. On the other hand, the calculated mean CH4 and N2O flux estimates are in the 
lower limit of the ranges for the mangrove sediments in Moreton Bay and Brisbane 
River in Australia (Allen et al. 2011). 
As for the GHG fluxes in the soil that are formerly occupied by mangroves, 
only fluxes of CO2 are available so far for comparison, and only for aquaculture 
ponds and cleared mangroves. The mean flux estimate for abandoned aquaculture 
ponds is similar to mean floor emission of active aquaculture ponds that were drained 
in Indonesia (Sidik & Lovelock 2013). Furthermore, the measured soil CO2 flux 
from the cleared mangrove in the present study is lower as compared to that in Belize 
(Lovelock et al. 2011). The cleared mangroves in Belize are on peat soil (300 mgC g
-
1
) that has higher soil C content as compared to the cleared mangrove in this study 
(~92 mgC g
-1
). 
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Table 7.5 Reported soil greenhouse gas fluxes in different mangrove forests and 
other land uses under former mangrove area and in peatland 
 Location  Land Use  CO2 flux 
(mol m-2 s-
1) 
CH4 flux 
(mol m-2 h-1) 
N2O flux 
(mol m-2 
h-1) 
 Reference 
A. Mangrove forests     
Honda Bay,  
  Puerto   
  Princesa,  
  Philippines 
Mangrove forest 
(Rhizophora) 
2.90 6.15 0.01 This study 
North Sulawesi,   
  Indonesia 
Rhizophora-
Bruguiera 
Mangrove forest 
0.55 0.71 -0.04 Chen et al. (2014) 
Shenzhen and  
  Hong Kong,   
  China 
Kandelia 
mangrove forest 
0.15 – 5.71 10.10 – 
5,168.62 
0.14 – 
23.83 
Chen et al. (2010) 
Mai Po, Hong  
  Kong 
Kandelia 
mangrove forest 
0.07 – 8.67 Not 
determined 
0.73-1.21 Chen et al. (2012) 
Sundarbans,  
   India 
Avicennia 
mangrove forests 
0.15 - 2.34 Not 
determined 
Not 
determined 
Chanda et al. (2014) 
Australia, New  
  Zealand and  
  the Caribbean  
Mangrove forest -0.25 – 2.97 Not 
determined 
Not 
determined 
Lovelock (2008) 
Southeast  
  Queensland,  
  Australia 
Subtropical 
mangrove 
Not 
determined 
0.19 to 
1,087.50 
0.09 – 1.48 Allen et al. (2011) 
      
B. Non-forest land uses that replaced mangroves    
Honda Bay,  
  Puerto  
  Princesa,  
  Philippines 
Abandoned 
aquaculture pond 
1.14 -5.95 0.33 This study 
Honda Bay,  
  Puerto  
  Princesa,  
  Philippines 
Abandoned salt 
pond 
2.25 17.53 5.54 This study 
Honda Bay,  
  Puerto    
  Princesa,    
  Philippines 
Coconut 
plantation (under 
mangrove soil) 
0.41 0.78 -4.79 This study 
Honda Bay,  
  Puerto  
  Princesa,  
  Philippines 
Cleared 
mangrove 
0.16 0.49 -0.67 This study 
Twin Bays,  
  Central Belize 
Cleared 
mangrove 
2.1 – 7.6 Not 
determined 
Not 
determined 
Lovelock et al. 
(2011) 
Bali, Indonesia Shrimp pond  1.15 - 3.15 Not 
determined 
Not 
determined 
Sidik and Lovelock 
(2013) 
C. Land uses in peatland     
Kalimantan,  
  Indonesia 
Peat forest 
(secondary) 
2.49 31.39 3.47 Hadi et al. (2005) 
Kalimantan,  
  Indonesia 
Paddy field 1.00 139.84 0.06 Hadi et al. (2005) 
Kalimantan,  
  Indonesia 
Rice-soybean 1.46 18.55 0.53 Hadi et al. (2005) 
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Several site variables significantly correlate with the three GHGs in 
mangrove forest and non-mangrove sites. However, the relationships were moderate 
at the most. This may indicate that the GHG fluxes may be predicted by those site 
variables but with higher errors. Nonetheless, this could be useful information in 
attempting to estimate fluxes for larger areas as variable like LAI could be mapped 
using remote sensing techniques (Lovelock et al. 2011; Dusseux et al. 2015).  
The effect on GHG fluxes of the differences in tidal positions between 
mangrove forests and non-forest land uses was not analysed in this study. This gap 
should be considered in future studies. In this study, mangrove forests were found to 
occur in the seaward, middle and landward part of the intertidal zone while non-
forest land uses that replaced mangroves were in the middle and landward sections. 
However, a soil GHG fluxes study of mangroves in Indonesia (Chen et al. 2014) 
showed that the fluxes of the three GHGs were statistically similar in the landward, 
middle zone and seaward tidal positions. In subtropical mangroves in Hong Kong-
Shenzhen area in southern China, Chen et al. (2010) reported that the summer fluxes 
of the three GHGs were also statistically similar in the landward and seaward tidal 
positions, except for CO2 which had higher fluxes landward. These results may 
indicate that tidal positions have small effect on GHG fluxes in mangrove soil.    
Furthermore, the inundation period at each transect of the land uses under 
study was not measured. This information is probably important in evaluating if the 
period of submergence by tidal water has influence on the rate of fluxes of the three 
GHGs. Are soils with longer inundation period emit more CO2, CH4 and N2O than 
those with shorter inundation time? Incidentally, previous studies had mixed results. 
For instance, Poungparn et al. (2009) showed that in a riverine mangrove in 
Thailand, plots in the river edge/fringe were observed to exhibit higher CO2 fluxes as 
compared to plots established away from the river. Plots in the river edge/fringe had 
longer inundation period than those plots away from the river.  However, Chen et al. 
(2014) and Chen et al. (2010) found that the GHG fluxes are statistically similar 
along intertidal positions which could have different inundation periods. These 
results suggest that future studies are needed to investigate the effect of inundation 
period on GHG fluxes in mangrove soil.   
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The study demonstrated the good potential of GIS-based Kriging for mapping 
the GHG fluxes in mangrove soil. The generated maps of soil GHG fluxes in this 
study have overall prediction errors of 17 % to 24.7 %. These are probably sufficient 
for general land use planning purposes in the coastal zone and as a baseline for which 
to compare future management intervention such as reforestation. The accuracy of 
the map might be improved by adding more plots distributed strategically in areas far 
from the current plots. This study reported for the first time the mapping of the soil 
GHG emissions in mangrove area. The soil GHG emissions maps generated by the 
study   could complement the Net Primary Production (NPP) maps in order to 
generate maps of Net Ecosystem Production (NEP). NEP is obtained by subtracting 
soil respiration (sum of annualised soil CO2 and CH4 fluxes) from NPP as used by 
Chen et al. (2016). 
7.5.2  Implications for management and conservation 
The total area covered by mangrove forests in the study site is 1,216.4 ha 
while for the non-forest land uses, it is 1,533.3 ha. Roughly, the non-forest land uses 
emit and contribute ca. 24,753 tonnes of CO2e to the atmosphere annually. Since 
these land uses are generally devoid of vegetation, they cannot offset this amount of 
emission on-site through photosynthesis. For mangrove forests, their total annual 
emission is 49,256 tonnes of CO2e to the atmosphere. However, mangrove forests 
can offset this emission through vegetation C uptake which is at a net rate of 40 - 50 
tonnes CO2 ha
-1
 y
-1 
  (Lovelock et al. 2011; Alongi 2014). This means that the 
1,216.4-ha mangrove forests in the study site can practically offset all of their soil C 
emissions through photosynthesis at a net rate of 48,656 – 60,820 tonne CO2 y
-1
. This 
highlights the importance of mangrove forests in the study site, acting as a huge 
absorber of atmospheric CO2, aside from other ecological goods and services they 
provide. During the period 2000 – 2012, approximately 1,423 ha of mangrove forests 
were removed in the Philippines, and 36.7 % of this area were converted to 
aquaculture (Richards & Friess 2016). Using the results from this study, and 
assuming all the mangrove soil (forested or otherwise) in the country were similar to 
the mangrove soil in this study, it is estimated that this 522-ha new aquaculture 
ponds emit about 8,333 tCO2e yearly to the atmosphere that is not offset in situ by 
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this land use. This is in addition to the lost atmospheric C sequestration function of 
approximately 20,880 – 26,100 tonne CO2 y
-1
 due to the deforestation of 522 ha of 
mangrove forests. This result could serve as basis to estimate the GHG emissions due 
to land use change in mangrove in the country.  
7.6  Conclusion 
The soil CO2 and CH4 fluxes in land uses that replaced mangroves were 
lower than that of mangrove forests, except for N2O fluxes which are lower in 
mangroves. The soils of mangrove forests and the non-forest land uses are net 
sources of the three GHGs. The study also found significant site correlates of the 
three GHGs. Mapping the spatial variation of the fluxes of the three GHGs is 
possible using the GIS-based Ordinary Kriging technique, as shown by the good 
agreement between modelled and measured values. The fluxes emitted by mangrove 
forest could be offset by its net vegetation uptake through photosynthesis at an 
almost similar rate (soil emission: 40 vs. uptake: 40.7 to 50 MgCO2 ha
-1 
y
-1
).   
However, those emissions from non-forest land uses such as aquaculture pond (~15.8 
MgCO2e ha
-1 
y
-1) cannot be offset in situ by these land uses as they are generally 
devoid of vegetation.  
The results obtained in the study could be used as emission factors in the 
conduct of higher tier national GHG inventories, and to refine regional and global 
emission values from land use change in mangroves. Moreover, the result could 
provide the scientific basis to estimate the GHG impacts of the estimated 232,000-ha 
brackish water aquaculture ponds, active and abandoned alike, in the Philippines, 
majority of which were previously occupied by mangrove forests.  Future works 
should include other land uses such as rice agriculture and oil palm plantations, and 
consider increasing the sampling campaigns to include dry season and monthly 
measurements which could improve flux estimates and clarify possible seasonal flux 
differences. Results of the study could also inform the current discussions on 
inclusion of mangrove forests under REDD+ and other global change mechanisms.  
The next Chapter provides the overall summary and conclusion of this 
Dissertation. 
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Chapter 8 
CONCLUSION 
8.1  Introduction 
 This study aimed to evaluate the carbon (C) budget of mangrove forests and 
their competing replacement non-forest land uses, in biomass, soil and soil 
greenhouse gas (GHG) fluxes. To achieve this aim, the study was divided into four 
objectives as enumerated in Chapter 1 wherein each was addressed in Chapters 4 to 
7.  
 This Thesis provides a comprehensive study of C budget of mangroves and 
non-forest land uses that replaced them (aquaculture pond, salt pond, cleared 
mangrove and coconut plantation), including the four major carbon pools in coastal 
wetland ecosystem (soils, aboveground biomass, belowground biomass and downed 
woody debris biomass). It also includes the study of the three major GHGs (CO2, 
CH4 and N2O) associated with land use change. The study was based on field 
assessments and laboratory analyses, combined with the use of the new Sentinel 
satellite remote sensing imagery and Geographic Information System (GIS) 
techniques.  
 This study was the first to evaluate the whole-ecosystem (soil and biomass) 
carbon stocks of mangroves and four land uses that replaced them, and the potential 
C losses owing to mangrove conversion using empirical measurements. It also 
covered for the first time the investigation of the CH4 and N2O fluxes in the soil of 
land uses that replaced mangroves. The study was also the first one to investigate the 
use of new-generation SAR (Sentinel-1) and multispectral (Sentinel-2) imagery data 
for biomass mapping in mangrove area, and also the first to test and report the 
application of GIS-based geostatistical Kriging technique to mangrove area for soil C 
stock mapping and mapping of soil GHG fluxes.  
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 This Chapter presents the summary of findings and overall conclusion of the 
whole Dissertation and provides a number of recommendations for future research. 
This Chapter is organised into four sections. Section 8.2 presents the summary of 
findings, while Section 8.3 provides the overall conclusion and major contributions 
of the study. The Chapter ends in Section 8.5 with recommendations for future 
studies.  
8.2  Summary of Findings 
This study provided new knowledge and fresh insights on C budget 
assessment of mangrove and the C losses owing to mangrove conversion to 
competing non-forest land uses through empirical study. This was accomplished 
using the triad approach of mangrove field measurement techniques in conjunction 
with novel application of new-generation satellite remote sensing imagery and GIS-
based technique, both of which have never been applied in previous studies in 
mangroves.  
8.2.1  Evaluation of biomass, C losses from biomass and canopy 
predictors 
Chapter 4 revealed that the total biomass C stock in mangroves ranged from 
21.2 to 71.7 MgC ha
-1
. In contrast, biomass C stock ranged from zero to 0.12 MgC 
ha
-1
 in abandoned aquaculture pond, abandoned salt ponds and cleared mangrove 
site, to 5.7 MgC ha
-1 
in coconut plantation. Carbon losses from biomass owing to 
mangrove conversion to other land uses ranged from 82 to 263 Mg CO2e ha
-1
. The 
difference in the biomass C stocks of closed and open canopy mangroves of 69% 
could indicate a form of mangrove forest C degradation by 49.2 Mg C ha
-1
. The Leaf 
Area Index (LAI) correlated strongly with mangrove biomass, an important 
information for biomass mapping in mangrove, as LAI map can generated using 
satellite imagery.  
8.2.2  Biomass mapping using Sentinel satellite imagery  
Chapter 5 demonstrated that the model based on biophysical variable Leaf 
Area Index (LAI) derived from Sentinel-2 was more accurate in predicting the over-
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all aboveground biomass. In contrast, the model which utilised optical bands had the 
lowest accuracy. However, the Synthetic Aperture Radar (SAR)-based model was 
more accurate in predicting the biomass in the usually deficient to low vegetation 
cover non-forest replacement land uses such as abandoned aquaculture pond, cleared 
mangrove and abandoned salt pond. These models had 0.82 to 0.83 
correlation/agreement of observed and predicted value, and root mean square error of 
27.8 to 28.5 Mg ha
-1
. Among the Sentinel-2 multispectral bands, the red and red edge 
bands (bands 4, 5 and 7), in combination with elevation data, were the best variable 
set combination for biomass prediction. The red edge-based Inverted Red-Edge 
Chlorophyll Index had the highest prediction accuracy among the vegetation indices. 
Overall, Sentinel-1 SAR and Sentinel-2 multispectral imagery can provide good 
results in the retrieval and predictive mapping of the aboveground biomass of 
mangroves and the replacement non-forest land uses, especially with the inclusion of 
elevation data. The study demonstrates encouraging results for biomass mapping of 
mangroves and other coastal land uses in the tropics using the freely accessible and 
relatively high-resolution Sentinel imagery. 
8.2.3  Evaluation of soil C stocks and GIS-based soil C stock mapping 
Chapter 6 presented that the soil C stock of mangrove forests was 2.3 times 
greater than the competing land uses that replaced mangroves. The C losses in soil 
(i.e. C stock difference between mangrove forests and replacement land uses) owing 
to mangrove land use conversion was 57%, on average, and ranged from 1,461 to 
2,969 Mg CO2e ha
-1
. It was possible to model the site-scale spatial distribution of soil 
C stock and predict their values with 85% overall certainty using Ordinary Kriging 
approach.  
8.2.4  Evaluation of soil fluxes of greenhouse gases and GIS-based 
soil GHG mapping 
Chapter 7 showed that the emissions of CO2 and CH4 are higher by 2.6 and 
6.6 times in mangrove forests while their N2O emission is lower by 34 times 
compared to the average of non-forest land uses. CH4 and N2O emissions accounted 
for 0.59% and 0.04% of the total emissions in mangrove forest compared to 0.23% 
and 3.07%, respectively, for non-forest land uses. Site-scale soil GHG flux 
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distribution could be mapped with 75% to 83% accuracy using Ordinary Kriging. In 
general, total emission (CO2 + CH4 + N2O) in mangrove forest is 2.5 times (66%) 
higher than non-forest land uses. However, unlike mangroves that can offset all its 
emissions through CO2 uptake from photosynthesis, the non-forest land uses cannot 
offset their emissions on-site as they are usually devoid of vegetation.  
8.2.5  Overall summary 
In summary, this thesis has shown the following: 
a. The whole-ecosystem (total biomass + soil) C stock of mangrove forests 
was 900 (range: 661.2 to 1,111.7) MgC ha
-1
, while the competing non-forest 
replacement land uses of mangroves was only 329 (range: 47.9 in the coconut 
plantation to 454 in abandoned aquaculture ponds) MgC ha
-1
.  
b. The proportion of soil pool to the total C stock (biomass + soil) increases 
after conversion, from 95% in mangrove forests to almost 100% in replacement land 
uses.  
c. Carbon losses in biomass and soil owing to conversion were 63% (571 
MgC ha
-1
) or 2,096 tCO2e ha
-1
 of mangrove forest converted.  
d. The total soil flux (CO2 + CH4 + N2O) in mangrove forest is 2.5 times 
(66%) higher than replacement land uses. Surface fluxes of CO2 and CH4 decreased 
by 2.6 and 6.6 times while N2O flux increased by 34 times after mangrove 
conversion.  
e. The new Sentinel satellite imagery could be used in mangrove areas to 
predict and map the biomass in the whole study site with satisfactory results. 
Furthermore, the GIS-based geostatistical Kriging could be used to predict and map 
the soil C stocks and soil GHG fluxes in the whole study site with good accuracy.  
 The above findings may suggest the following: 
a. Mangrove conversion to other land uses heavily reduces the C stock in the 
coastal ecosystem. More than half (~63%) of C stock is lost after conversion. Soil 
becomes the sole C pool after conversion, in most cases.  
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b. Mangrove conversion heavily alters the soil-atmosphere fluxes of the three 
major GHGs, especially the non-CO2 gases. Conversion of mangroves to other land 
uses reduces the fluxes of CH4 by six times but increases the N2O fluxes by 33 times.  
c. The non-forest land uses that replaced mangroves are net sources of 
carbon. 
d. The use of the new-generation Sentinel SAR and Sentinel multispectral 
imagery data has a good potential for biomass retrieval and mapping of coastal areas 
similar to the study site. 
e. The use of GIS-based geostatistical Ordinary Kriging technique has a good 
potential for estimating soil C stock and soil GHG fluxes in un-sampled locations 
and mapping their distribution in coastal areas similar to the study site. 
f. Estimating the whole-ecosystem C stocks at un-sampled locations and 
mapping their site-scale distribution in mangrove area could be possible to 
accomplish with the methods used in this study utilising the Sentinel imagery for 
biomass mapping and GIS-based geostatistical Kriging for soil C stock mapping.  
g. The global coverage of the Sentinel imagery, in both radar and 
multispectral, suggests that it would be possible to map the mangrove biomass in 
higher resolution (10 m) than the currently available in the country, regional and 
global scales using the Sentinel imagery. 
8.3  Conclusion   
This study provided improved knowledge and new insights of mangrove 
forests’ biomass C stocks, soil C stocks, soil fluxes of CO2, CH4 and N2O, and their 
site environmental correlates vis-a-vis land uses that replaced them. The study also 
clarified, through empirical measurements, the magnitude of changes in soil and 
biomass C stocks, and soil GHG fluxes owing to mangrove conversion. Such 
information might be important for refinements of emission factors for mangrove 
deforestation and conversion to other land uses.  
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Moreover, this study generated new knowledge into how to map biomass, soil 
C and the soil fluxes of GHG using the new-generation Sentinel satellite radar and 
optical imagery and GIS-based geostatistical Kriging technique, both of which have 
never been applied and evaluated for mangrove area. The study’s contributions to the 
current knowledge of quantifying and mapping the C stocks and soil GHG fluxes of 
mangrove forests and land uses that replaced mangroves will hopefully help in the 
better monitoring and management of mangroves’ C stocks and soil GHG emissions 
in the tropics, as well as improve our understanding of the climate impact of 
mangrove conversion. The approaches used in this study to map the aboveground 
biomass, soil C stocks and soil fluxes of CO2, CH4 and N2O will also hopefully 
contribute to the improvements of methods for mapping the ecosystem services of 
mangrove forests particularly the C storage and emissions.  
The major contributions to science of the present work include the following: 
 Improved understanding of C stocks in soil and biomass of mangrove forests 
and the non-forest land uses that replaced them, and the C losses associated 
with mangrove conversion based on empirical measurements; 
 Improved understanding of the soil fluxes/emissions of the three major 
greenhouse gases (CO2, CH4 and N2O) in mangrove forests in relation to the 
non-forest land uses that replaced them; 
 New knowledge on the potential application of Sentinel radar and optical 
imagery in mapping the biomass of coastal mangrove area; 
 New knowledge on the potential application of GIS-based geostatistical 
Kriging spatial interpolation in mapping the soil C stock in mangrove area; 
 New knowledge on the potential application of GIS-based geostatistical 
Kriging spatial interpolation in mapping the soil fluxes of CO2, CH4 and N2O 
in mangrove area; and 
 The approaches used in the study could be adopted to possibly map for the 
first time the whole-ecosystem C stocks, C emissions and Net Ecosystem 
Production in mangrove area. 
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8.4  Recommendation 
Based on the foregoing discussions, the results of the study could be used for 
the following practical applications: 
 Inform the current discussions on Blue Carbon and REDD+ as well as 
policy and program development that advance research on soil C 
conservation and ecosystem services exists in coastal forested wetlands;  
 Higher tier national GHG inventory, refine regional and global estimates 
of GHG emissions in mangrove wetlands, and inform policy-making in 
coastal wetlands conservation;  
 The methods adopted in the study to estimate and map the biomass, soil 
C stocks and soil GHG fluxes of mangroves and the non-forest land uses 
that replaced them could be used to other coastal areas similar to the site; 
 The equations generated by the study can used for C accounting and 
mapping tasks in the coastal mangrove area but should be used with 
caution especially in sites with different environmental and climatic 
conditions.  
Also, the following are recommended for future research: 
 There is a need for distinguishing and mapping closed and open canopy 
mangrove stands, similar to what is being done to their terrestrial forest 
counterparts, to facilitate monitoring and a better understanding of forest 
degradation in mangrove forests. 
 Follow-up studies should aim for the generation of DEM from Sentinel-1 
InSAR in order to test its capability for biomass retrieval and mapping in 
combination with Sentinel backscatter and multispectral data. In addition, 
the accuracy of the biomass map might be improved with additional plots 
distributed strategically in areas far from the current plots, and additional 
sites for each land use especially for coconut plantation, abandoned 
saltpond and cleared mangrove. Lastly, the use of various data 
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transformation techniques, as well as non-linear multiple regression 
forms, should be also pursued with the aim of finding the highest 
correlation for predicted and observed value, and lower prediction error 
compared to the current values.  
 Likewise, for soil C stock mapping in mangrove, some portions of the 
study area were far from sites which were sampled due to resources 
constraint and therefore the estimate in that portion may be associated 
with higher prediction errors compared to those portions near the 
sampled locations. Thus, increasing the number of samples and distribute 
them evenly in the study site would make the spatial interpolation more 
robust.  
 Include other land uses such as rice agriculture and oil palm plantations, 
and consider increasing the sampling campaigns to include dry season 
and monthly measurements which could improve flux estimates and to 
clarify possible seasonal flux differences. Also, include the measurement 
of the inundation period in each of the land uses. 
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APPENDICES 
 
 
Appendix 1  Coordinates of sampling plots in all land uses under study in Honda   
Bay 
Land use  Transect  Plot  Longitude  Latitude  Plot ID 
Mangrove forest Closed 1a 1 118.7292333 9.89776667 1 
 Closed 1a 2 118.7294 9.89818333 2 
 Closed 1a 3 118.72935 9.89866667 3 
 Closed 1b 1 118.7347833 9.89350000 4 
 Closed 1b 2 118.7346667 9.89391667 5 
 Closed 1b 3 118.7347667 9.89445 6 
 Closed 1c 1 118.7437667 9.903 7 
 Closed 1c 2 118.7433167 9.9028 8 
 Closed 1c 3 118.74325 9.9024 9 
 Closed 2a 1 118.7548167 9.93988333 10 
 Closed 2a 2 118.7553167 9.93981667 11 
 Closed 2a 3 118.7558 9.93976667 12 
 Closed 2b 1 118.7575833 9.93631667 13 
 Closed 2b 2 118.7578 9.93615 14 
 Closed 2b 3 118.7583 9.93588333 15 
 Closed 2c 1 118.7551333 9.93048333 16 
 Closed 2c 2 118.7552167 9.931 17 
 Closed 2c 3 118.7552333 9.93143333 18 
 Closed 3a 1 118.78475 9.95895 19 
 Closed 3a 2 118.7847167 9.95846667 20 
 Closed 3a 3 118.7847333 9.95798333 21 
 Closed 3b 1 118.7906 9.95035 22 
 Closed 3b 2 118.7907167 9.95076667 23 
 Closed 3b 3 118.7906167 9.95125 24 
 Closed 3c 1 118.8002 9.93953333 25 
 Closed 3c 2 118.8006667 9.93965 26 
 Closed 3c 3 118.8009833 9.9399 27 
 Open 1a 1 118.7482 9.82968333 28 
 Open 1a 2 118.7478833 9.83003333 29 
 Open 1a 3 118.7477 9.83041667 30 
 Open 1b 1 118.7502833 9.82861667 31 
 Open 1b 2 118.7500667 9.82903333 32 
 Open 1b 3 118.7497667 9.82943333 33 
 Open 1c 1 118.7506 9.82878333 34 
 Open 1c 2 118.7503333 9.82923333 35 
 Open 1c 3 118.7501 9.82965 36 
 Open 2a 1 118.7428833 9.86536667 37 
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Appendix 1 continued     
Land use  Transect Plot  Longitude  Latitude  Plot ID 
Mangrove forest Open 2a 2 118.7429167 9.86588333 38 
 Open 2a 3 118.7429167 9.86631667 39 
 Open 2c 1 118.7436833 9.86483333 40 
 Open 2c 2 118.7439333 9.86455 41 
 Open 2c 3 118.7442167 9.8642 42 
 Open 3a 1 118.7693667 9.80828333 43 
 Open 3a 2 118.7696667 9.80791667 44 
 Open 3a 3 118.77 9.80756667 45 
 Open 3b 1 118.7687 9.80775 46 
 Open 3b 2 118.7689167 9.80735 47 
 Open 3b 3 118.7689333 9.80693333 48 
 Open 3c 1 118.7659833 9.80556667 49 
 Open 3c 2 118.76605 9.80515 50 
 Open 3c 3 118.7658333 9.80476667 51 
Abandoned 
aquaculture pond Aqua 1a 1 118.7561667 9.80635 52 
 Aqua 1a 2 118.7559833 9.8064 53 
 Aqua 1a 3 118.7557167 9.80643333 54 
 Aqua 1b 1 118.7561833 9.80615 55 
 Aqua 1b 2 118.75575 9.80615 56 
 Aqua 1b 3 118.7554833 9.8062 57 
 Aqua 2a 1 118.7493833 9.81296667 58 
 Aqua 2a 2 118.7497167 9.81263333 59 
 Aqua 2a 3 118.74985 9.81213333 60 
 Aqua 2b 1 118.7484 9.81306667 61 
 Aqua 2b 2 118.74855 9.81263333 62 
 Aqua 2b 3 118.7487833 9.81221667 63 
 Aqua 3a 1 118.7404333 9.8365 64 
 Aqua 3a 2 118.74035 9.83698333 65 
 Aqua 3a 3 118.7402667 9.83738333 66 
 Aqua 3b 1 118.7399333 9.83628333 67 
 Aqua 3b 2 118.73975 9.83675 68 
 Aqua 3b 3 118.7396667 9.83723333 69 
Coconut plantation Coco 1a 1 118.7456167 9.81473333 70 
 Coco 1a 2 118.74575 9.81448333 71 
 Coco 1a 3 118.74585 9.81433333 72 
 Coco 1b 1 118.7453833 9.81446667 73 
 Coco 1b 2 118.7454333 9.8143 74 
 Coco 1b 3 118.7454167 9.81405 75 
Abandoned salt 
pond Salt 1a 1 118.7387833 9.83536667 76 
 Salt 1a 2 118.7389667 9.8349 77 
 Salt 1a 3 118.7394333 9.83445 78 
 Salt 1b 1 118.7391667 9.83461667 79 
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Appendix 1 continued     
Land use  Transect Plot  Longitude  Latitude  Plot ID 
Abandoned salt 
pond Salt 1b 2 118.7394167 9.83513333 80 
 Salt 1b 3 118.73925 9.8355 81 
 Salt 1c 1 118.7399833 9.8352 82 
 Salt 1c 2 118.7401167 9.83471667 83 
 Salt 1c 3 118.7402667 9.83433333 84 
Cleared mangrove Cleared 1a 1 118.7572333 9.8075 85 
 Cleared 1a 2 118.7567167 9.80743333 86 
 Cleared 1a 3 118.7562333 9.80736667 87 
 Cleared 1b 1 118.7572167 9.80821667 88 
 Cleared 1b 2 118.7567833 9.80813333 89 
 Cleared 1b 3 118.7563833 9.80806667 90 
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Appendix 2  List of plant species recorded in the study site, arranged by family and 
indicated as present (y) or absent (n) per land use 
 
 
       Species 
 
MF AP SP CP CM 
Rhizophoraceae      
 Bruguiera gymnorrhiza (L.) Lamk. y n n n n 
 Bruguiera parviflora (Roxb.) W. & A. ex Griff y n n n n 
 Bruguiera sexangula (Lour.) Poir. y n n y n 
 Ceriops tagal (Perr.) C.B. Rob. y n n n n 
 Rhizophora apiculata Blume y y n n n 
 Rhizophora mucronata Lamk. y n n n n 
 Rhizophora stylosa Griff. y y n n n 
Myrsinaceae      
 Aegiceras floridum Roem & Schult. y n n n n 
Meliaceae      
 Xylocarpus granatum Koen. y n n y n 
 Xylocarpus moluccensis (Lamk.) M. Roem y n n n n 
Malvaceae      
 Camptostemon philippinense (Vid.) Becc. y n n n n 
 Heritiera littoralis Dryand ex. W. Ait y n n n n 
Lythraceae      
 Sonneratia alba (L.) Smith y n n n n 
Combretaceae      
 Lumnitzera racemosa Willd. y n n y n 
Arecaceae      
 Cocos nucifera L. n n n y n 
MF = Mangrove Forest  AP = Aquaculture Pond  SP = Salt Pond 
CP = Coconut Plantation  CM = Cleared mangrove 
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Appendix 3  Area (ha) of land uses that replaced mangroves in the Philippines for 
the period 2000-2012 
 
Year Aquaculture 
Recent 
deforestation Oil palm Rice Erosion Urban 
2001 9.72 27.9 0.63 1.17 NA NA 
2002 36.54 49.23 3.15 NA 1.17 1.44 
2003 64.26 12.42 4.68 NA 2.34 1.08 
2004 84.06 32.04 3.69 NA NA 0.72 
2005 37.62 18.81 11.25 NA 0.99 NA 
2006 71.1 28.98 23.67 2.52 NA 2.43 
2007 44.73 44.82 9.81 2.34 NA 1.53 
2008 40.05 46.26 7.02 NA 0.54 1.26 
2009 45.81 81.9 15.93 3.06 1.08 5.4 
2010 41.31 39.06 26.82 0.63 6.03 21.51 
2011 26.37 22.41 9.54 1.89 NA NA 
2012 21.24 60.93 41.31 0.81 NA 2.7 
sum 522.81 464.76 157.5 12.42 12.15 38.07 
 
      Deforested mangrove patches greater than 0.5 hectare in extent 
 Source: Richards and Friess (2016) 
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Appendix 4 Sample of computed plot-level aboveground biomass (AGB), 
belowground biomass (BGB) and downed woody debris biomass (DWB) C stocks in 
Mg C ha
-1
 
 
Land use Transect  Plot ID 
AGB    
C stock 
BGB    
C stock 
DWB   
C stock 
Mangrove forest closed 1a 1 34.50 13.69 2.60 
 closed 1a 2 36.78 16.75 7.10 
 closed 1a 3 76.34 28.36 4.73 
 closed 1b 4 63.03 22.55 0.77 
 closed 1b 5 116.15 55.75 20.76 
 closed 1b 6 59.14 21.96 3.12 
 closed 1c 7 27.15 11.64 1.75 
 closed 3c 26 10.43 4.83 12.15 
 closed 3c 27 43.98 15.94 8.19 
 open 1a 28 2.08 1.00 0.20 
 open 1a 29 0.82 0.42 0.20 
 open 1a 30 2.67 1.26 0.22 
 open 1b 31 9.39 3.87 0.72 
 open 3b 46 21.17 7.54 9.62 
 open 3b 47 34.91 18.75 0.70 
 open 3b 48 19.02 9.48 2.59 
 open 3c 49 9.62 4.21 0.40 
 open 3c 50 10.52 3.56 1.19 
 open 3c 51 1.23 0.50 0.00 
Abandoned aquaculture 
pond aqua 1a 53 0.00 0.00 0.00 
 aqua 2b 63 0.00 0.00 0.00 
 aqua 3a 64 0.00 0.00 0.00 
 aqua 3a 65 0.13 0.08 0.11 
 aqua 3a 66 0.19 0.10 0.11 
 aqua 3b 67 0.00 0.00 0.00 
 aqua 3b 68 0.00 0.00 0.00 
 aqua 3b 69 0.00 0.00 0.00 
Coconut plantation coco 1a 70 3.87 0.23 0.00 
 coco 1a 71 8.83 0.40 0.00 
 coco 1b 75 0.10 0.10 0.00 
Abandoned salt pond salt 1a 76 0.00 0.00 0.00 
 salt 1a 77 0.00 0.00 0.00 
 salt 1b 80 0.00 0.00 0.00 
Cleared mangrove cleared 1a 85 0.00 0.00 0.00 
 cleared 1a 86 0.00 0.00 0.00 
 cleared 1b 90 0.00 0.00 0.00 
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Appendix 5 Photo-documentation of some of the recorded mangrove species and 
wildlife encountered while sampling the study site 
  
Rhizophora apiculata Rhizophora mucronata 
  
Lumnitzera racemosa Lumnitzera racemosa  
  
Bruguiera gymnorhiza Aegiceras floridum 
  
Yellow-banded snake in a closed 
canopy mangrove forest site 
King fishers perching in an 
abandoned pond site  
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Appendix 6 Field form used for collecting site’s metadata 
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Appendix 7 Field form used for vegetation biomass sampling 
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Appendix 8 Field form used for soil C sampling 
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Appendix 9 Field form used for sampling the soil GHG fluxes 
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Appendix 10 Photo-documentation of some of the field work activities 
 
  
L to R: The author (left most), his Principal Supervisor (3rd from left) and his field survey crew  
  
  
  
 
